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Abstract. The structural properties of a model (Agl)z(Agz0-2B203)1_, glass are
determined through molecular dynamies (MD) simulation. The total nevtron diffraction
pattern, reconstructed from the MD partial structure factors, shows a peak at low
wavevectors (k = 0.9 A~} in qualitative agreement with newtron diffraction experimental
data for the real glass. The overall analysis of the MD structural information permits us
to conclude that the medium-range order observed in the glass is due to correlation of
Agl clusters, which coexist with the BoOj; network.

In recent years there has been an increasing interest in superionic glasses [1,2]. These
materials, in fact, have potential for many technological applications; for instance, they
can be used as solid clectrolytes in batteries. Their most relevant and hitherto not
fully explained property is the great increase observed in the ionic conductivity o,
when, for example, metal halides are added to a borate glass, as is the case with Agl
added to vitreous Ag,0-2B,0, [1].

According to several workers [3], a correlation seems to hold between the variation
in o, and microscopic structural changes taking place in the system for local- to
medium-range distances. Several models of ionic arrangements have been recently
proposed for this. One hypothesis [4] is, for instance, that the addition of metal
halide (MX) compounds expands the vitreous network, formed by boron and oxygen
ions, in such a way as to produce a more open structure with respect to the pure
borate glass; the anions are assumed to be localized in the network interstices, while
ionic conductivity is ensured by migrating metal ions. Another model [5] assumes
that the MX ‘dopant’ tends to form clusters or microdomains inside the glass, and
these may form a continucus aggregate through which ionic conduction takes place.

Neutron and Brillouin scattering experiments have been performed on
(Agl),.(Ag,0-2B,0;),_, and (LiCl)_ (Ag,0-2B,0;),_, glasses [6] in order to
investigate the characteristics of intermediate-range order in these systems. In the
neutron experiment the total structure factor of the Agl-doped borate glass reveals
a diffraction peak at k ~ 0.8 A~!, a wavevector somewhat lower than that typical of
the ‘first sharp diffraction peak’ (FSDP) visible for many glasses and complex liquids
[7]. As is well known, the FSDP is usually interpreted as a signature of medivm-range
order in the system.

Moilecular dynamics (MD) simulations on the same glasses experimentally studied
in [6] have tried to clarify the role played by metal cations in relationship to medium-
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range order [8]. This was studied in terms of the low-% behaviour of the total neutron
structure factor; a compiete investigation of the low-wavevector region was, however,
somewhat hampered by the use of a relatively small simulation box.

It is the purpose of this paper to preseat simulation results for vitreous
(Agl), (Ag,0-2B,0;),_, obtained through MD simulations performed in a box larger
than in [8]. This enables us to make a more accurate low-k determination of structural
functions than was previously possible; the most relevant result of such a study is that
the MD total neutron structure factor, as reconstructed from the partial structure
factors (PSFs) S (k), shows a diffraction peak that, although somewhat lower than
the FSDP observed in the neutron diffraction experiments of Borjesson et al [6], is
positioned at approximately the same wavevector. Knowledge of the PSFs allows us
to disentangle the contributions to this low-k diffraction peak due to correlations
between the different ionic species. Therefore, a comprehensive analysis of both
S;(k) and the radial distribution functions (RDFs) g;(+) supports the presence inside
the glass of Agl clusters, as hypothesized elsewhere [5,6]. Finally, the possible

relationship of these results with neutron diffraction data in calcium metasilicate
glass (CaSiO;) [9], and the MD simulations recently performed by us {10] on this
same system, are discussed.

The MD calculations were performed in the microcanonical ensemble with a
simulation box volume consistent with the experimental density of real (Agl), .(Ag, O-
2B,04).4 glass. Particles are assumed to interact via the Born-Huggins—-Mayer (BHM)
potential

vy(r) = Az exp[(d; — r)/ ol + Z;Z;e* /. ()

In (1), A; = o(1 + &/n; + Z/ny), dy = (o3 + 07)/2, Z; are the ionic charges
in units of the electronic charge e 7, are the numhers of valence shell electrons
and o are the diameter repulsion parameters & and p are parameters taken from
comprcssibility studies on alkali halides [11]. All simulation parameters are collected
in tables 1 and 2.

Table 1. Parameters of the BMH potential for (Agl): (Ag20-2B203) 1, glass.

o

A =~ Z
B 148 2 43
0 284 g8 -2
Ag 220 18+l
I 4.40 g§ -1

b = 20.3545 keal mol—! * p = 0.29 A®

% Numerical values from [20].

Boron trioxide has been simulated in terms of a potential such as (1) by several
workers [12-15] and the agreement of the calculated thermodynamic and structural
resuits with the experimental data for this compound {16] is generally good (see
[15] for a review on B,0;), including the predjcted formation of BO, units and
their ability to form a network. More recently, calculations aimed to give a better
reproduction of the B-O-B angle have also been reported [17].
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Table 2. Parameters of simulation samples for (Agl)z (Ag2O-2B203)1_» glass.

Concentration Number of ions Ryx  Density
z B o Ag I A (g cm™%)
0.1* 180 315 95 5 1830 4270

0.6 144 252 126 54 2074 4340

0.6 420 240 210 90 2460 4.840

3 Data from [8].

The picture of Agl as a fully ionic system, although obviously approximate, also
seems qualitatively reliable, as previously shown [8] through a comparison of structural
functions thereby calculated with those obtained by a more refined model potential
approach [18]. 7

A time step = = 2 x 10~'5 s was used to integrate the equation of motion, and
coulombic interactions were estimated by Ewald’s summation method. All simulations
were performed with N = 960 particles and the results throughout compared with
those previously obtained with N = 576 [8], 0 as to ascertain the effect of the box
size L on k-space structural functions.

In every case the glass was prepared by an aged liquid configuration at 6000 K
This last was obtained from an initial FCC lattice configuration with atom species
distributed at random on the lattice sites by then performing a run of 14 060 time steps
(28 ps) with averages cumulated over the last 4000 configurations. The mean square
displacement (MSD} monitored for the four ionic species attained typical liquid-state
values as shown in figure 1.

The system was then cooled to 300 K by passing through an intermediate
temperature of 3000 K; in both cases the system was left to stabilize for 10%
equilibration time steps. Once the final temperature was obtained, equilibrium
quantities were cumulated over a further 10 ps (5000 time steps). As figure 1 shows,
also at 3000 K the MSD data, although somewhat lower than at 6000 K, still indicate
that the system is in a liquid-like configuration.

The PSFs were calculated using the Fourier transform (FT) of the pair correlation
functions and compared in the lJow-k region with the density fluctuation correlation
average (p,p_i)

The neutron structure factor was then obtained according to the formula

2
Su(k) = 3" bobg(caes) VS p(k) — 80p + (cacﬂ)lﬂl/(z b)
o, B o

where ¢, = N,/N is the concentration, and b, the coherent neutron scattering
fength of the o species.

In figure 2 we report neutron diffraction data and MD results at two different
concentrations of silver iodide. At @ = 0.6 it clearly appears (figure 2(b)) that
upon increasing the number of particles used in the simulation, i.e. by increasing the
box size, the small pre-peak in the N = 576 MD S,(k), occurring at approximately
1.1 A-1, shifts in the N = 960 run to 0.9 A~1, and increases. On the basis of this
trend, it seems plausible to conjecture a further increase and shift of this feature in
simulations performed with a higher number of particles; we shall try to rationalize
later the effect of the box size on particle correlations at low k.
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Figure 1. MsDs of different ionic species for Figure 2. Total neutron structure factor for

(AgDo.s(AZ20-2B;03)0.4 at (2) 6000 K and (6) (Agl)z(Ag20-2B;03),_, glass at two Agl concen-

3000 K. trations: (@) experimental data [6]; (b) simulation
results at *x = 0.6 obtained with different total
mumber of particles; (¢) simulation at z = 0.1
(trom [8]).

As is also visible from figure 2, the MD S, (k) tends to ‘diverge’ at very small
k (typically less than 0.6 A~'). This is probably a manifestation of an artificial
enhancement of correlations whose source can be better understocod in the context
of a global discussion of the PSFs and RDFs.

Let us first consider structural functions concerning the so-called ‘network-
forming’ ions, ie. boron and oxygen ions. These are reported in figure 3. The
only relevant modifications determined in the Spo(k) by the addition of Agl to the
silver borate glass is the development of a pre-peak at 0.9 A-! in all the three PSFs;
this pre-peak is similar to that observed in S (k) and, as for S,(k), the effect on
this feature of increasing N is to shift it to Jower k and to enhance its height.

It clearly appears from the RDFs in figure 3 that boron and oxygen ions are strongly
correlated so that their network-forming capability, discussed in previous work on
pure borate glass [12-16], is almost unaltered in the Agl-doped glass. However, a
pre-peak appears in the PSFs and this is manifestly correlated to the addition of silver
jodide to the Ag,O-B,0; matrix, as detailed in figures 3(b), 3(d) and 3(f). From
the same figure we see that also the ‘divergent’ behaviour at small % is correlated to



MD simulation of (Agl),(Ag,0-2B,0;),_.,. glass 401

(o) |

——0-a
[ - 0B
!f BB

NI S T W T T T S

{e) ]
x=.6 = N=576

g
S”(k)

-
.-
LN S el Sl B S B S S

) S N R I TR T T T . |

[
[

10

sy
[
o

4 [
K( &Y

Figure 3. MD (a), (€), (¢) RDFs g(r} and (b), (), (F} PsFs S;{ k), for ‘network-forming’
boron and oxygen ions in pure silver borate (z-= 0.0), and (Agl).s(Ag20-2B;03}0.4
glasses. The results at £ = 0.0 are taken from [13].

the addition of Agl, since in pure B,O; this effect is absent (figure 3{b)). Note that
the box size is expanded in going from pure boron trioxide to the mixed glass (see
table 2); also note that the steep increase in S;(k) at small k is visible only in some
of the ten displayed structure factors, namely Spo(k) and Sy(k), as can be seen in
figures 3 and 4, and that it is also visible at 3000 K, in the fully molten state.

A comprehensive interpretation of these results seems attainable by looking at
the iodine ion correlations and at the characteristics of their medium-range order.

As seen from figure 4, Sp(k) at z = 0.6 has a well defined peak at k ~ 1.6 A-1,
accompanied by persistent high-k oscillations with a period of 1.45 A~1. This result
corresponds to diffraction from first-neighbour ijons, whose separation distance can be
estimated as 27 /1.45 A-! ~ 4.4 A; note that, consistently, this is the position of the
first sharp peak in gg(»r) (figure 4), and also the jodine ion size (see table 1). The
results for Sy(k) and gy(r) at = = 0.1 were obtained in our previous simulation
work [8] and show that the structural functions were much smoother in that case.

It is now interesting to consider quantitative relationships between the positions
of the peaks in gn(r). The first, second and third peaks in this RDF occur at 4.4 A,
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Figure 4 MD (a), {¢) gi(r) and B), (@) Sj(k) of Ag and 1 ions in (Agl)es{Ag20-
2B303)0.4 glass.

6.4 A and 86 A, respectively. The first and third distances basically correspond
to a collinear arrangement of iodine atoms, according io table 1. As far as the
second distance is concerned, note that 6.4 A is fairly close, as a numerical value, to
6.2 A~ 4.4 A x vZ; moreover, the third g;; peak has a shoulder extending from 7.6
to 7.9 A and it can be seen that 7.6 A ~ 4.4 A x /3. These two occurrences clearly
indicate a cubic arrangement of iodine jons, with the expected vZ x (face—cube
diagonal)/cube edge and /3 x (face—cube diagonal)/cube edge ratios, respectively.

Note now that the pre-peak at 0.9 A-! in S;(k), visible in the N = 960 run,
should correspond to interference effects between structural units of approximate
dimension 27 /0.9 A-! ~ 7 A; this distance is roughly equal to the average of
the two cube diagonals 6.2 A and 7.6 A, respectively (see earlier). This suggests
that the pre-peak is actually associated with averaped interference contributions
due to neighbouring iodine cubic units coordinated either in an edge-sharing
configuration, with the cube-face diagonal as characteristic spacing, or in a corner-
sharing configuration, with the cube diagonal as the characteristic spacing.

Now, the size of these clusters is relatively large with respect to the box dimension;
on the other hand, Coulomb forces, which are responsible for the high Ag-I
correlations visible in g, ; in figure 4, tend to stabilize the Agl clusters. The simulated
systermn can thus be depicted as one in which large aggrepates are forced into too
narrow a space, so that they are not able to sample all space configurations. In
such a situation the box replicas may create a spurious periodicity, which would
superimpose on that associated with intercluster spacing and signalled by the low-k&
pre-peak. In fact, this pre-peak can be better isolated and is able to increase when the
box is expanded. Obviously, such spurious effects would mainly influence correlations
involving the largest iodine particles and the B-O network, as appears from figures 2
and 3. They may also indirectly affect the silver ion distribution, as seems to happen
with the small pre-peak visible in the N = 576 run in Sy, at 0.9 A~!, which
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disappears in the N' = 960 run.

The above difficulties are also manifested in the different predictions for the low-
k peaks of the PSFs as obtained via the FT of g;(r) and via the density fluctuation
average (DFA) (pi(k)p;(—Fk)} method, respectively. Specifically, the DFA yields pre-
peaks at smaller wavevectors than the FT procedure does; moreover, these predictions
turn out to be much more dependent on the box size than in the FT method. This
sitvation may originate both from the fact that in the DFA procedure the k-space grid
one can calculate has a considerably larger spacing than in the FT calculation and
from the circumstance that the low-k features are intimately related to correlations
between very distant particles inside the simulation box which, as discussed earlier,
may be overemphasized by the box replicas. On the other hand, in the FT procedure
the g;(r) are taken to be equal to unity at the half-box distance; one can therefore
expect that low-k features of the S;(k) (which are calculated in terms of a space
integral of g;(r) —1) are underestimated in this case. It is therefore plausible that in
our present study the two methods somehow ‘bracket’ the ‘correct’ result and would
yield stable and comparable results for a box edge L of the order of several times
the cluster size (greater than 30 A).

[ (o)

3 -0.5 ——B-Ag -
i 1w Q-Ag
— 0 -1 M N
o 4 . 1 v v
T e x=6  N=0GO 1 i (d) x=.6  N=950
3 b 0.5

0 2 4 .6 8 10
K(A ")

Figure 5. Same as for figure 3 for B-(Ag,I) and O-(Ag,[) ‘cross’ correlations.

As far as the role of the silver ions is concerned, it was seen in previous simulations
of pure Ag,0-B,0, [13] that Ag tends to be situated among the BO,, units (n = 3 or
4) constituting the vitreous network. The present results for = = 0.6 seem to indicate
the presence of two different Ag populations. In fact, Ag is strongly correlated with
both Tand O ions, as visible in the cross correlation functions g, and g,.o, displayed
in figures 4 and 5, respectively; moreover, g,,p also presents a very well defined main
peak (figure 5). In contrast, g,, (and S,,,,) shows little correlation between Ag
ions. These results are consistent with a représentation in which some of the silver
ions stay inside the cubic iodine cages, where they are relatively free to move and
possibly to jump to other neighbouring similar units, and some tend to be situated in
the interstices of the B, O, network, as in pure silver borate glass [13].
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In this picture, very little correlation is also expected to exist between particles
belonging either to the B-O-Ag, or to the Ag-I subsystems and, in fact, gg, g0
as well as Sp; and Syp appear to be negligible with respect to the other structural
functions, as can be seen in figure 5.

It seems then reasonable to conclude that the capability of the large iodine ions
to form cubic Agl ‘clusters’ is at the root of the observed medium-range order in our
model (Agh) (A2, 0-2B,0;)y.4 glass. The B,0, network appears to adapt to such
an arrangement, by reflecting the silver iodide medium-range order periodicity in the
pertinent Sp,(k). Such a situation may also be visualized in terms of the presence of
interconnected regions, rich in either Agl or Ag,0-B,0,, in a ‘channel-type’ structure
fairly similar to that envisaged in other studies of multicomponent glasses [5, 19].

This situation is visualized in figure 6 where a snapshot configuration of the
simulated (AgD),.¢(ARyO-2B,05), 4 glass is reported. It appears that both the Ag-
I and the B-O distributions form linked structures with interleaved large voids of
channel-like form.

It is worth observing, at this stage, that the above results have been obtained
through the use of a simple rigid-ion model potential, whose key ingredients are
steep repulsion at short range, and long-range coulombic forces. Such a simplified
representation of the real substance does not take into account covalence effects in
the boron trioxide arrangement, nor the possible occurrence of fractional charges
in the ionic Ag-I ‘subsystem’ [19]; nonetheless, the assumed interaction mechanisms
seem capable of accounting, at least at a qualitative level, for the onset of medium-
range order in the present vitreous system. Such a sitvation is similar to that
we previously encountered [10] in simulating calcium metasiflicate (CaSiQ;) glass
where MD cajculations based on the same potential (1) were capable of reproducing
satisfactorily the neutron measured calcium—calcium PSF Sc,c, (k) [9], showing a pre-
peak at k& ~ 1.2 A-1 associated with the medium-range order of Ca jons.

The parallelism suggests that a pre-peak at low & (akin to that shown in figure 4)
could similarly be observable in the Sy(k) of (Agl), ¢(Ag0-2B,05), 4 glass, should
the pertinent neutron data become available. Moreover, some of the previously
reported considerations on the role played by geometric packing versus electrostatic
effects in the onset of medium-range order in CaSiO; glass [10] seem applicable in
the present context as well.

Specifically, we focus our attention on the structural incompatibilities that may
arise in a multicomponent ionic system when the ionic species have different sizes, a
point that has recently been discussed in detail by Kieffer and Angell [21].

In the present case, the relatively small size of B with respect to Ag ions (see
table 1) tends to favour low coordination numbers of oxygen ions around boron ions
(typically 3 or 4) and higher coordination around silver ions. In the pure Ag,O-B,0,
glass limit the resulting structure is that thoroughly discussed in [13], constituted by
a network of BO,, units (n =3 or 4) with interleaved Ag ions.

Now, when iodine ions are added to pure silver-boron trioxide, clustering of Ag*
and I" is favoured not only by coulombic attraction effects but also by the fact that
large low-valence ions, e.g. iodine ions, tend to favour a local neighbour configuration
with a high coordination number [21] as could be possible, for example, in a cubic
arrangement. As illustrated above, the iodine ions form clusters of cubic symmetry
with silver jons; the consequence is the appearance of two separate, microscopically
interconnected structural arrangements which we have tried to visualize in figure 6.

1t is evident from what has been said that our results and conclusions depend to
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Figure 6. Snapshot configuration of simulated (Agl)p«(Agz0-2B203)0.4 glass (N =
960), where B and O jons are shown separately from Ag and | ions: (g} for ciarity, only
a cubic central portion of the simulation box is displayed; () only the Ag ions which
are the closest neighbours of I ions are displayed.

a large extent on the nature of the potential that we have adopted, and on the actual
magnitude of the parameters appearing therein, In the absence of more extensive
MD simulations with larger boxes, and of further neutron diffraction information on
partial correlations to compare with, this prompts us to be somewhat prudent in
drawing from our model calculations any final conclusion about the structure of the
real glass.

We believe, however, that the reported evidence, although not conclusive, offers
a convincing and physically coherent picture of the mechanisms that can give rise
to medium-range order in vitreous (Agl), .(Ag,0-2B,0;),,, and in other similar
compounds. On this basis, further and more extensive calculations are currently
being planned in order to assess the present results.
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