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Structure of AgI-Ag 2O-2B2O3 glasses: A neutron and x-ray-diffraction investigation
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The structures of fast ion conducting glasses in the system~AgI! x-~Ag2O-2B2O3)12x have been investi-
gated using x-ray- and neutron-diffraction techniques. The contrasting scattering cross sections of the two
techniques for the different atomic species, where the x rays reveal predominantly the Ag and I structural
correlations, whereas mainly the boron-oxygen structure is observed with the neutrons, allow for a relatively
detailed structural determination of these complex materials. The neutron data show that the short-range order
of the boron-oxygen network, which determines the network connectivity, is unaffected by the AgI doping.
The silver and iodine ions enter voids in the boron-oxygen network structure. The experimental data also show
the existence of considerable intermediate-range ordering which increases with increasing AgI doping. This is
manifested in a diffraction peak at lowQ ~around 0.8 Å21), which grows with increasing AgI content and
which is particularly strong in the neutron data. The contrasting results of the x-ray- and neutron-diffraction
experiments show unambiguously that this ordering is mainly due to correlations within the boron-oxygen
network. The experimental data have been used for structural modeling using the reverse Monte Carlo method.
Structural models have been produced which are simultaneously in accordance with both the x-ray and the
neutron data, as well as with the experimental density. The simulations show that the intermediate-range
ordering is due to interchain ordering between neighboring chain segments. Analysis of the models shows that
most silver ions are coordinated to both iodine and oxygen ions of negatively charged BO4 units in the
network. This observation, as well as the evidence that the intermediate-range ordering observed is due to the
boron-oxygen network, excludes the presence of any significant amount of AgI clusters, which have been
suggested in the literature to be responsible for the high ionic conductivity of AgI-doped oxyglasses. Instead
the results support the idea that the silver and iodine ions expand the network which open doorways and creates
new pathways in the structure suitable for ion conduction.@S0163-1829~97!04817-0#
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I. INTRODUCTION

Glasses with high ionic conductivity presently attract co
siderable scientific interest because of their potential ap
cations as solid electrolytes in electrochemical devices s
as solid-state batteries, fuel cells, chemical sensors,
‘‘smart windows.’’ Typical fast ion conductors are meta
oxide modified borate and phosphate glasses doped
metal halide salts. They have become model materials
investigation of the conduction mechanism in amorpho
ionic conductors because of their high ionic conductivi
wide glass range, ease of glass formation, and chemical
bility.

In the case of borate glasses the addition of metal ox
considerably modifies B2O3, which is a strong glass forme
in Angell’s classification,1–3 and gives a partially ionic char
acter by accommodation of the oxygen atoms into the gla
network structure. In this way the number of thre
coordinated boron atoms, typical of pure B2O3, decreases
while tetrahedral BO4 units are formed.

4,5 The ionic conduc-
tivity, associated with the mobility of theM1 ions, increases
drastically with increasing concentration of the metal-ox
and room-temperature conductivities of 1027 S/cm can be
550163-1829/97/55~17!/11236~13!/$10.00
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obtained.6 Even higher conductivities can be achieved
dissolving a metal halide salt~e.g., LiI, LiCl, AgI, AgBr,
etc.! into the metal-oxide modified glass, which can raise
conductivity up to 1022 S/cm at room temperature.6 The
introduction of the dopant salt does not seem to affect
local structure of the B-O network as indicated by Ram
and NMR results,4–7and it has been proposed that the ions
the dopant salt occupy interstices in the glassy structure
that they are only weakly connected to the gla
network.4,7–9However, the host glass network expands co
siderably to accumulate the dopant ions and large change
the intermediate structure are indicated by neutr
diffraction experiments.8,9 This may be of importance for the
high conductivities of the metal halide doped glasses.

Despite considerable experimental and theoretical eff
the conductivity mechanism is not yet fully understood10

This is partly due to an incomplete knowledge of the mic
scopic structure from the available experimental results
particular, on the important intermediate length scale, i
4-50 Å, where correlations between various structural s
units may be significant. Models based on various hypoth
cal microscopic structures have been proposed to explain
high conductivities of metal halide doped glasses. In o
11 236 © 1997 The American Physical Society
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55 11 237STRUCTURE OF AgI-Ag2O-2B2O3 GLASSES: A . . .
kind, the cluster model,11–17 it is proposed that the meta
halide salt is introduced into the amorphous network in cl
ters or microdomains of size.10 Å. Within the micro-
domains, which are assumed to have an internal struc
similar to that of the dopant salt, the barriers for conduct
are low whereas there may be relatively large barriers
tween clusters. This model has been used particularly to
plain the high ionic conductivity in AgI-doped glasses. A
is, in its crystallinea phase above 147 °C, one of the be
ionic conductors known. In another kind of model the ion
conductivity takes place within connected conduction pa
ways of relatively low activation barriers.7,18,19This idea was
first proposed to explain the conductivity of metal-oxi
modified oxide glasses and has later been extended in
ous forms to the salt-doped glasses. The pathways are
assumed to be formed by the anions of the dopant salt an
the negatively charged centers of the network, e.g.,
BO4

2 groups. There are also various models which rest
the assumption that the ions of the dopant salt are hom
neously distributed in the glass. Two of these are the ‘‘r
dom site model’’~Ref. 20! and the weak electrolyte model.21

Although they make the same structural assumption th
models are distinctly different. For example, in the rand
site model the role of the dopant salt is, apart from provid
the charge carriers, to lower the potential barriers within
glass. All cations are assumed to contribute to the cond
tivity. Thus, it is mainly the mobility of the cations whic
increases with increasing dopant salt concentration. In
weak electrolyte model,21 the mobility is independent of the
glass composition and the change in conductivity with gl
composition is completely due to a change in the numbe
charge carriers. It is proposed that only a fraction of
cations contribute to the conduction, all the remainder
fixed and associated with the glass network. In yet ano
model Tuller and Button22 have suggested that the increa
in conductivity with increasing cation concentration is sim
ply due to the dopant salt expanding the glass network,
sulting in a more open structure suitable for ion conducti

The diversity of specific assumptions in the various mo
els of the microscopic structural properties of the glas
emphasizes the need for a better understanding of the m
scopic structure. In this paper, we have used x-ray-
neutron-diffraction ~including isotope substitution of Ag!
techniques in combination with the reverse Monte Ca
~RMC! modeling23,24 to investigate the structure of a mod
system for fast ion conducting glass systems, nam
~AgI! x~Ag2O-2B2O3)12x (x50–0.6!. In view of the as-
sumptions of the structural and conductivity models d
cussed above, it is of particular interest to investigate
environment around the Ag1 ions and the structural origin
of a strong diffraction peak previously observed by neut
diffraction at an anomalously low-Q value of about 0.8
Å 21,8,9 which indicates intermediate-range ordering on
length scale of about 8 Å. A similar peak has also be
observed in other AgI-doped glasses.25,26 The nature of the
associated intermediate-range ordering has been a matt
controversy~see, for example, Refs. 17 and 27!. In this paper
we show that the origin of the prepeak in AgI-doped bor
glasses is predominantly due to local-density fluctuations
the B-O network structure.
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II. DIFFRACTION NOTATION

A. Neutron diffraction

We will use the following notation for the scattered ne
tron intensity from glasses and for the corresponding re
space functions. The differential scattering cross sec
I (Q) (5ds/dV) can be expressed as a sum of two terms28

I ~Q!5I s1I D5(
i
ci^bi

2&@11Pi~Q,u!#

1
1

QE0
`

D~r !sin~Qr !dr, ~1!

where the first term is known as the self-scattering and
second term is known as the distinct scattering. It is the la
which carries information on the interatomic correlation
The summation is taken over the different elements in
sample,ci is the fraction of i atoms in the sample, an
^bi

2& is the mean-squared scattering length for elemeni .
D(r ) is the neutron-weighted reduced pair distribution fun
tion andPi(Q,u) represents inelastic-scattering events and
known as the Placzek correction term.28 The static structure
factor,S(Q), is obtained from the distinct scattering as fo
lows:

S~Q!5
I D~Q!

( ici^bi&
2 11. ~2!

D(r ) is obtained by Fourier transformation of the distin
scattering:

D~r !5
2

pE0
`

QID~Q!sin~rQ !dQ. ~3!

D(r ) can also be written as the neutron-weighted~i.e., de-
pendent upon the scattering lengths of the constituent ato!
sum of the reduced partial pair distribution functio
di j (r ):

D~r !5(
i , j

cicjbibjdi j ~r !. ~4!

Let us here also define the atomic pair correlation functi
G(r ), which is obtained fromD(r ) through

G~r !5D~r !Y4prr S (
i
cibi D 211, ~5!

wherer is the atomic number density.

B. X-ray diffraction

A general theory for x-ray scattering can be found in R
29. Here we will use a notation for x-ray diffraction which
similar to that for neutron diffraction, with the exception o
the scattering length~denotedb for neutrons!, which here is
Q dependent and given by the atomic form factor,f i(Q), for
elementi . It is also important to note that theQ dependences
of the partial atomic form factors are different. Hence,
formally correct correspondence to Eq.~1! can for x rays
only be made for a one-component system, where the s
tered intensity is given by
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I ~Q!5I s1I D5 f 2~Q!1
1

QE0
`

D~r !sin~Qr !dr. ~6!

The normalized structure factor,F(Q), is obtained from
I (Q) through

F~Q!5I ~Q!/I s . ~7!

For ann-component system the total structure factorF(Q)
can be expressed as a sum of the Faber-Ziman partial s
ture factorsSi j (Q):

30

F~Q!5
( i , j51
n cicj f i~Q! f j~Q!@Si j ~Q!21#

( i51
n ci f i~Q!2

11. ~8!

Thus, it is not possible to obtain a correct totalG(r ) by a
direct Fourier transformation ofF(Q) for a multicomponent
system, since the form factors of different chemical com
nents do not have the sameQ dependence.

III. EXPERIMENT

A. Neutron diffraction

Ion conducting glasses with compositions~AgI! x-
~Ag2O-2B2O3)12x(x50–0.6! were prepared using a con
ventional melt-quenching method according to procedu
described previously.31,32 In all samples boron was isotop
cally enriched in11B ~99%! in order to minimize the influ-
ence of the high neutron absorption of10B present in natura
boron. For the AgI-Ag2O-2B2O3 composition an additiona
sample with107Ag ~instead of natural silver! was prepared.
The samples, which were in shapes of cylindrical rods wit
diameter of 9 mm and a length of 50 mm, were mounted
thin-walled vanadium containers. The neutron-diffraction e
periments were performed on the time-of-flight liquid a
amorphous materials diffractometer~LAD ! at the pulsed
neutron source ISIS, Rutherford Appleton Laboratory. T
diffractometer has been described in detail elsewher33

Time-of-flight spectra were recorded separately for e
group of detectors at the angles 150°, 90°, 58°, 35°, 2
10°, and 5° and also for monitors in the incident and tra
mitted beam, respectively. The data of each detector gr
were corrected separately for background and container s
tering, absorption, multiple-scattering, and inelasticity
fects, and normalized against the scattering of a vanad
rod following the procedure in Refs. 34 and 35. The c
rected individual data sets obtained at each angle were
combined in order to obtain a large-Q range and to improve
the statistics. For each data set only theQ range that
agreed with other data sets in the overlappingQ region
was used. Preliminary results for the Ag2O-2B2O3 and
~AgI! 0.6(Ag2O-2B2O3)0.4 samples have been presented
earlier reports;8,9 however a less accurate data correction p
cedure was used in those reports.

B. X-ray diffraction

X-ray-diffraction experiments on ~AgI! x~Ag2O-
2B2O3)12x (x50, 0.6! were performed at Station 9.1,36 a
high-precision powder diffractomer situated at the SER
Synchrotron Radiation Source~SRS!, Daresbury Laboratory
UK. The glass samples were powdered and stuck on ta
uc-
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Measurements were made in transmission geometry
2°,2u,22° and reflection geometry for 10°,2u,120°.
The x-ray wavelength was 0.689 Å. After separate corr
tions the two spectra were scaled to overlap in the reg
10°,2u,20° and combined. The inelastic Compto
scattering37 was subtracted experimentally using the Warre
Mavel method38 ~Zr K edge!, as developed for use on Statio
9.1.39 The data were also corrected for scattering from
tape, absorption, and polarization, divided by the total atom
form factor and normalized to unity at large scatteri
angles. Multiple scattering was assumed to be negligible

IV. RESULTS OF THE EXPERIMENTS

A. Neutron diffraction

The neutron structure factors,S(Q), of ~AgI! x~Ag2O-
2B2O3)12x (x50–0.6! are shown in Fig. 1. It should be
noted that the total number density is dominated by bo
and oxygen for all the investigated glasses~see Table I! and
that the scattering lengths of the atomic species are of

FIG. 1. Experimental neutron structure factors,S(Q), for the
glasses~AgI! x~Ag2O-2B2O3)12x (x50–0.6!. The upper curves
have been shifted in subsequent steps of 0.5.

TABLE I. Number densities for~AgI! x-~Ag2O-2B2O3)12x

(x50–0.6! glasses are shown. Both the total number densities
the separate number densities for boron1 oxygen and silver1
iodine are given.

Glass Number densities~atoms/Å3)
composition Total B10 Ag1I

x50 0.0846 0.0716 0.0130
x50.1 0.0852 0.0709 0.0143
x50.2 0.0824 0.0671 0.0153
x50.3 0.0790 0.0627 0.0163
x50.4 0.0759 0.0582 0.0177
x50.5 0.0705 0.0517 0.0188
x50.6 0.0642 0.0441 0.0201
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same order. This implies that the total scattering is do
nated by boron-oxygen correlations~see Tables II and III!.
From the figure it is evident that all the glasses show alm
identical results for the high-Q range, indicating very similar
short-range B-O structures. The insensitivity of the highQ
range to metal halide doping then support previous Ram
NMR, and neutron-diffraction results4,7–9 indicating that the
ions of the dopant salt do not participate in the netwo
formation, rather they enter into interstices and voids of
host B-O network structure. However, in the low-Q region
below 3 Å21 there are clear differences between the inv
tigated glasses. The first~sharp! diffraction peak~FSDP!, at
1.3 Å21 for the undoped glass decreases in intensity w
increasing AgI concentration and, instead, a new prepea
about 0.8 Å21 successively grows in intensity. The prepea
which appears as a shoulder for the compositionx50.2, is
first seen as a resolved peak forx50.3 and for the highes
AgI concentration the peak has grown considerably and
amplitude is as high as that of the main peak ofS(Q) at
about 6 Å21. The position of this low-Q peak,Q1, corre-

TABLE III. Weighting factors for the different atomic pair cor
relations in neutron- and x-ray-diffraction experiments of t
~AgI!0.6~Ag2O-2B2O3)0.4 glass and for the difference between t
two neutron samples of AgI-Ag2O-2B2O3 (

107Ag-nAg!. The ratios
between the neutron and x-ray weighting factors of
~AgI!0.6~Ag2O-2B2O3)0.4 glass are also given.

Weighting factors~AgI! x~Ag2O-2B2O3)12x

Neutron Ratio
x50.5 X ray X ray/neutron

Atom pair x50.6 107Ag-nAg x50.6 x50.6

B-B 0.0746 0 0.0039 0.0523
B-O 0.2325 0 0.0219 0.0942
B-Ag 0.1195 0.282 0.0642 0.537
B-I 0.0451 0 0.0311 0.690
O-O 0.1809 0 0.0306 0.169
O-Ag 0.1859 0.439 0.1799 0.968
O-I 0.0704 0 0.0870 1.24
Ag-Ag 0.0479 0.221 0.2643 5.52
Ag-I 0.0362 0.058 0.2554 7.06
I-I 0.0070 0 0.0617 8.81

TABLE II. Weighting factors for the different atomic pair cor
relations in neutron- and x-ray-diffraction experiments
Ag2O-2B2O3. The ratios between the neutron and x-ray weight
factors are also given.

Weighting factors Ag2O-2B2O3

Ratio
Atom pair Neutron X ray Neutron/x ray

B-B 0.1117 0.0138 0.124
B-O 0.3439 0.0776 0.226
B-Ag 0.1012 0.1301 1.286
O-O 0.2650 0.1086 0.401
O-Ag 0.1554 0.3643 2.344
Ag-Ag 0.0228 0.3056 13.40
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sponds to a real-space characteristic length of ab
2p/Q1'8 Å. Thus, the introduction of AgI induces longe
length-scale density fluctuations than those of the undo
glass.

We also observe features in the real-space correlati
corresponding to those seen in the structure factors. In
2~a!, which shows the atomic pair correlation function
G(r ), for the compositionsx50, 0.3, 0.6, it is evident tha
the short-range order of the BO network is unaffected by
introduced metal halide salt, since neither the first peak at
Å ~the nearest B-O distance! nor the second peak at 2.4 Å
~the nearest B-B and O-O distances! show any significant
changes with increasing dopant salt concentration. The o
apparent effect of the AgI doping on the short-range cor

FIG. 2. Neutron weighted atomic pair correlation function
G(r ), ~a! and reduced pair distribution functions,D(r ), ~b! for the
glasses~AgI! x~Ag2O-2B2O3)12x (x50, 0.3, and 0.6!. The upper
curves have been shifted to higher values for clarity.
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lations is the appearance of a small peak at 2.85 Å. This p
is probably due to the nearest Ag-I distance since it ne
coincides with the Ag-I distance~2.8 Å! in crystalline
a-AgI.40

The correspondences in real space to the observed d
ences in the low-Q range of the structure factors are bet
emphasized in Fig. 2~b!, where the reduced pair distributio
functionD(r ) is plotted in the range 2.5,r,14.5 Å for the
compositionsx50,0.3,0.6. The figure shows two interestin
points. First, all the curves exhibit relatively sharp peaks
to about 10 Å and all these peaks are situated at abou
same position in all glasses. These peaks are real and ar
spurious features introduced by the Fourier transforma
procedure. This was tested by truncatingS(Q) at various
differentQmax prior to Fourier transformation. The small bu
relatively well-defined peaks out to about 10 Å indicate co
siderable internal ordering within the boron-oxygen netwo
which is similar for all the glasses investigated. They m
then be interpreted as characteristic distances within B
chains or segments. Second, the origin of the FSDP ma
seen also in real space. The undoped and highest d
glasses show broad peaks at around 5 and 8.5
('2p/Q1), respectively, while the glass with the intermed
ate AgI concentration (x50.3) exhibits no clearly observ
able characteristic distance in analogy with the weak FS
observed inS(Q). The characteristic distances of 5 and 8
Å in the undoped and highest doped glasses, respectively
‘‘quasiperiodic’’ and extend at least to the second-order c
relations at about 2r , which in the figure is seen as a broa
weak peak at about 10–11 Å for the undoped glass. Th
there are real-space features inD(r ) out to about 20 Å, cor-
responding to the observations made for the low-Q range in
S(Q), which can be interpreted in terms of intermedia
range ordering phenomena.

The experimental neutron structure factors,S(Q), of the
two samples with different silver isotopes~natural Ag and
107Ag! of AgI-Ag 2O-2B2O3 are shown in Fig. 3. Very simi-
lar results are observed over the wholeQ range, except for

FIG. 3. Experimental neutron structure factors,S(Q), of the two
neutron samples~natural Ag and107Ag! of AgI-Ag 2O-2B2O3. The
dashed line represents the107Ag sample and the solid line is for th
sample with natural Ag.
ak
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the interval 2–4 Å21, where the intensity for the sampl
with 107Ag is much higher. Thus the correlations involvin
silver contribute mainly in thisQ region. It is also interesting
to note that the intensity of the prepeak is slightly lower f
the sample with107Ag, showing that silver ions are not di
rectly involved in the correlations giving rise to the FSD
Rather, the decreasing intensity of the FSDP for increas
Ag scattering length indicates that the Ag contribution to t
FSDP is less than the average contribution of the other th
~i.e., B, O, and I2) components.

Figure 4 shows the difference inG(r ) between the two
silver samples of AgI-Ag2O-2B2O3. The relative scattering
of the two samples has been weighted so as to cance
correlations except those involving Ag~see Table III!. The
small peak at about 2.5 Å in Fig. 4 is attributed to the near
Ag-O distance as in glassy Ag2O-2B2O3 ~Ref. 35! and crys-
talline Ag2O-4B2O3.

41 The main peak at 3.1 Å must be du
to the nearest Ag-Ag and Ag-B correlations, provided th
there is no pronounced Ag-O correlation in the actualr re-
gion. Also, contributions from Ag-I correlations are expect
in this r range. However, the weighting factor for Ag-I i
relatively low ~see Table III!. It should also be noted tha
there are no distinct Ag correlations involved beyond 4
within the experimental accuracy.

B. Structure factors from x-ray diffraction

The experimental x-ray structure factors of Ag2O-
2B2O3 and ~AgI! 0.6 ~Ag2O-2B2O3)0.4 are shown in Fig.
5~a!. The x-ray structure factor of the undoped gla
(x50) shows a first diffraction peak at 1.25 Å21, i.e., at a
slightly lower value than in the neutron structure factor, a
a strong main peak at 2.25 Å21, probably related to neares
Ag-Ag correlations considering its strength and the relat
scattering contributions of the different atoms~see Table II!.
Relatively sharp peaks are also observed at about 3.2 an
Å 21. At higherQ the structure factor shows only a wea
oscillation with a period of about 2.5 Å21. For the AgI-

FIG. 4. Shows the difference inG(r ) between the two neutron
samples of AgI-Ag2O-2B2O3 (

107Ag-nAg!.
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doped glass (x50.6) a first diffraction peak occurs at 0.8
Å 21, i.e., at a slightly higher value than in the neutron stru
ture factor, and the main peak is situated at about 2.7 Å21.
Above the main peak only periodic oscillations at multipl
of this Q are observed. The structure factor for thex50.6
sample is in good agreement with previously reported x-
results obtained by Licheriet al.42

C. Origin of the first sharp diffraction peak

Let us now compare the x-ray-weighted structure fact
@see Fig. 5~a!# with the corresponding neutron-weighte
structure factors shown in Fig. 5~b!. This is interesting, since
the atomic scattering coefficients are very different for
present glasses~see Tables II and III!. For the undoped glas
~see Table II! the total neutron scattering is dominated
correlations within the boron-oxygen network~72%!,
whereas the x-ray-weighted scattering is dominated by si
correlations~80%!. For the AgI-doped glass the differenc
between the neutron and x-ray structure factors is e

FIG. 5. Experimental x-ray~a! and neutron~b! structure factors
~solid lines! and computed x-ray weighted~a! and neutron weighted
~b! total structure factors~dashed lines! for the RMC configurations
of Ag2O-2B2O3 and~AgI!0.6~Ag2O-2B2O3)0.4. The structure fac-
tors of the doped glass have been shifted vertically by one uni
-

y

s

e

er

n

greater~see Table III!; in the neutron-diffraction experimen
the internal boron-oxygen network correlations dominate
a factor of 5 compared to the silver and iodine correlatio
whereas in the x-ray-diffraction experiment the total scatt
ing from silver and iodine is more than 10 times larger th
from the boron-oxygen network.

Let us focus here on the intermediate-range correlati
which mainly contribute to the low-Q range of the respective
structure factor. For both the undoped and doped glasse
positions of the respective first diffraction peak are similar
the x-ray and neutron structure factors@see Figs. 5~a! and
5~b!#. The intensities are, however, much lower in the tw
x-ray structure factors. This difference is then due to
different weighting factors in neutron and x-ray diffractio
experiments. The origin of the FSDP is obviously due
density fluctuations in the B-O network, since the x-ray d
see predominantly Ag and I correlations, whereas the n
tron data are mostly sensitive to O and B correlations.

V. REVERSE MONTE CARLO SIMULATIONS

From the combination of neutron- and x-ray-diffractio
experiments we established in the previous section a few
the short-range bond distances and that it is predomina
the B-O network that gives rise to the anomalous FSDP
the AgI-doped glass. However, to obtain a more detai
‘‘picture’’ of the structure it is desirable to perform som
kind of modeling of the glass structure. This can be done
using common computer-simulation techniques like mole
lar dynamics~MD! and Monte Carlo~MC! simulations, but
it is a complex task because of the difficulty to obtain su
ciently good interatomic pair potentials for the present co
plicated glasses. Despite these difficulties MD simulatio
have been reported recently on glasses with the same c
position as in the present study.43 While the MD study re-
produced relatively well the high-Q part ofS(Q), there were
large discrepancies in the low-Q range ofS(Q). We have
taken a different approach; we have applied the reve
Monte Carlo ~RMC! modeling technique23,24 in order to
make direct use of the available experimental data. The te
nique, which has recently been successfully applied to o
network and fast ion conducting glasses,24,27will be applied
here to create structural models using the present neut
and x-ray-diffraction data of the silver borate glasses.

A. The method

RMC uses a standard metropolis Monte Carlo~MMC!
algorithm44 to move particles within the simulation bo
~Markov chain, periodic boundary conditions, etc.!, but in-
stead of minimizing the energy, the squared difference
tween the experimental structure factor and the structure
tor calculated from the computer configuration w
minimized. Thus, no interatomic potentials are needed in
RMC method, but instead it requires accurate structural d
as input. Data from different sources@neutron, x-ray, ex-
tended x-ray-absorption fine structure~EXAFS!# may be si-
multaneously fitted. Using RMC it is possible to obta
three-dimensional structural models of disordered mater
that agree quantitatively with the available diffraction da
~provided that the data do not contain significant system
errors!.



ur
t

T

r
e
pe
re
b

in
a
n
d.
ap
a
th
ns
th
,

e
re

d
th
re

re
c
c
rd

a
d
e

he
s

re

a

ta
th
de
ro

-

o
-
th
o

C
een
nits
ese
at
om-
gy
out
e.
ex-
ing
u-
f the
u-
the

ee

ote

-

rre-

n
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B. Simulation procedure

To be able to simulate the intermediate-range struct
order the configuration has to be large enough so that
corresponding box size does not influence the ordering
question, i.e., a large number of atoms must be used.
computer configurations of the present undoped (x50) and
doped (x50.6) glasses contained 3900 and 3840 atoms,
spectively. The box lengths of the undoped and dop
glasses were given the values 35.86 and 39.11 Å, res
tively, which correspond to the experimentally measu
densities. Periodic boundary conditions were used in cu
boxes.

In order to ensure physically realistic configurations,
the sense that there is no overlap of atoms and that the B
O atoms form a proper network, we ran hard-sphere Mo
Carlo ~HSMC! simulations with certain constraints applie
The constraints were of two kinds; closest atom-atom
proach and connectivity. The closest distances that two
oms were allowed to approach were determined from
experimental results, e.g., the radial distribution functio
The following closest atom-atom distances were used in
simulations: 1.25 Å for B-O, 2.1 Å for B-B, O-O and Ag-O
2.4 Å for Ag-I, 2.5 Å for Ag-Ag, 2.6 Å for Ag-B, 2.8 Å for
O-I, 3.2 Å for B-I, and 3.6 Å for I-I. The constraints on th
B-O network connectivity were applied on the basis of
sults obtained by NMR,4,5 Raman,45,46 and infrared
experiments.47 These experiments have shown that the ad
tion of M2O to B2O3 causes a progressive increase in
number of four-coordinated borons at the expense of th
coordinated ones. At the compositionM2O-2B2O3 the frac-
tion of four-coordinated borons is close to 45%. Therefo
we have applied the constraints that all the oxygens are
ordinated to two borons and that 45% of the borons are
ordinated to four oxygens. The remaining borons are coo
nated to three oxygens. The B-O distance was allowed
vary from 1.25 to 1.65 Å. In this way we have ensured th
BO3 and BO4 units are formed and that they are linke
together in a network. After the BO network was produc
by the HSMC simulation, all the Ag1 and I2 ions were
randomly added into the computer box. These were t
moved apart from each other and from the B and O atom
order to fulfill the closest atom-atom constraints.

C. Results

The structure factors of ~AgI! x~Ag2O-2B2O3)12x
(x50,0.6! glasses obtained by RMC modeling are compa
with those obtained experimentally in Figs. 5~a! and 5~b!.
The overall structure factors are well reproduced and, in p
ticular, the first sharp diffraction peak~FSDP! is well fitted
in both cases. The configurations should therefore con
information related both to the short-range order and to
origin of the FSDP and the type of intermediate-range or
producing it. Some deviations from the experimental neut
structure factors are observed in theQ region around 2–4
Å 21. @Smaller deviations are also observed in the highQ
range above 10 Å21 for ~AgI! 0.6~Ag2O-2B2O3)0.4.# Previ-
ous RMC modeling on other materials using data taken
LAD indicate that the range 2–4 Å21 may contain system
atic experimental or correction errors. This is probably
main reason for the deviations in this range. However, n
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that the low-Q part ~1.30–3 Å21) of the structure factor of
the Ag2O-2B2O3 glass contains four FSDP’s and that RM
has managed to reproduce all these, although it has b
thought that the peaks are due to complex structural u
and that the RMC method should not be able to create th
units during the fitting procedure. Thus, in contrast to wh
has been thought, it has been possible to reproduce the c
plex low-Q range on the basis of a structure whose topolo
is predefined by the coordination constraints, i.e., with
specifically having to build complex units into the structur

The experimental x-ray structure factors are almost
actly reproduced by the RMC configurations. Consider
the different weights of the scattering in the x-ray and ne
tron structure factors and also the excellent agreement o
RMC models with the experimental data, the RMC config
rations should contain the essential structural features of
investigated glasses.

1. Intermediate-range order

In Fig. 6 we plot the partial structure factorsSi j (Q) of the
RMC-produced configuration of Ag2O-2B2O3. This con-
firms the experimental result that the FSDP at 1.3 Å21 is
mainly due to correlations within the B-O network. The thr
partial structure factorsSBB(Q),SBO(Q), andSOO(Q) have
peaks at about the sameQ value ~1.2 Å21) as the experi-
mentally observed FSDP. However, it is interesting to n
that the other three partial structure factorsSAg-Ag(Q),
SBAg(Q), and SOAg(Q) also show rather well-defined fea
tures~dips or peaks! at 1.2 Å21; SAg-Ag(Q) has a peak and
SBAg(Q) andSOAg(Q) show dips~‘‘negative peaks’’!, i.e.,
the correlations are in antiphase to the other four pair co

FIG. 6. Partial structure factors,Si j (Q), calculated from the
RMC configuration of Ag2O-2B2O3. The upper curves have bee
shifted to higher values for clarity.
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55 11 243STRUCTURE OF AgI-Ag2O-2B2O3 GLASSES: A . . .
lations, which strongly indicates that the Ag1 ions crosslink
between neighboring BO segments and occupy relativ
well-defined positions.

Figure 7~a! shows the partial structure factors of the RM
configuration of~AgI! 0.6~Ag2O-2B2O3)0.4. It can be seen
that the origin of the FSDP in the totalS(Q) is predomi-
nantly due to a prepeak at about 0.75 Å21 in the three partial
structure factorsSBB(Q), SBO(Q), andSOO(Q). We note that
the partialSAgI(Q) also shows a broad peak at a similarQ
value, however, of relatively low intensity. The partial stru
ture factors which involve correlations between the netw
atoms and the salt ions@i.e.,SAgB(Q), SAgO(Q), SIB(Q), and
SIO(Q)# have dips at theQ value of the FSDP. This is eve

FIG. 7. ~a! Partial structure factors,Si j (Q), calculated from the
RMC configuration of~AgI!0.6~Ag2O-2B2O3)0.4. ~b! The correla-
tions within the BO network~i.e., the B-B, B-O, and O-O!, within
the AgI salt, and between the network and the salt have been a
together to produce the three concentration weighted partial s
ture factors; BO-BO, AgI-AgI, and BO-AgI, respectively. The u
per curves have been shifted to higher values for clarity.
ly

k

more evident in Fig. 7~b!, where the correlations within the
BO network~i.e., the B-B, B-O, and O-O! have been added
together to produce a concentration weighted ‘‘BO-BO p
tial’’ structure factor, and the correlations within the AgI sa
and the crossterms between the network atoms and the
ions have correspondingly been added to a ‘‘AgI-AgI pa
tial’’ structure factor and a ‘‘BO-AgI partial’’ structure fac
tor, respectively. The BO-BO and AgI-AgI partials show
respectively, an intense and a weak peak at about 0
Å 21, while the BO-AgI correlation has a dip at a simila
Q value, as mentioned above. This indicates, as for the
doped glass, that the Ag1 and I2 ions participate in
crosslinking between neighboring BO segments. Note a
that the BO-AgI partial shows almost no oscillations over t
wholeQ range, indicating that the silver and iodine ions a
very weakly correlated to the BO network and that their p
sitions are less well defined compared to silver ions in
undoped glass. Thus, two facts are evident from Fig. 7~b!.
First, it is mainly the density fluctuations within the BO ne
work that causes the FSDP inS(Q) and, second, the silve
and iodine ions are present in the voids between the
segments, without participating in the network formatio
The relatively weak peak at about 0.75 Å21 in the AgI-AgI
partial is interpreted as being due to correlations over the
network, since the ‘‘clustered’’ BO network causes voids
the silver and iodine distributions which are likely to produ
a weak prepeak in the correlations between the salt ions

Figures 8~a! and 8~b! show the structure of the BO ne
work and the distribution of silver ions in the undoped gla
and Figs. 9~a! and 9~b! show the corresponding BO structu
and Ag1 and I2 distributions for the highest doped glas
The figures show a 10-Å-thick slice of the two RMC co
figurations. By comparing Figs. 8~a! and 9~a! the dopant salt-
induced expansion of the BQ network is clearly visible. T
voids in the BO network of the doped glass@see Fig. 9~a!#
are of relatively well-defined size (863 Å! and the average
distance over the voids corresponds well to theQ value of
the FSDP (2p/Q1'8 Å!. Both the silver ions of the un-
doped glass@see Fig. 8~b!# and the silver and iodine ions o
the doped glass@see Fig. 9~b!# seem to be rather homoge
neously distributed and no AgI clusters of any significa
sizes are observed in Fig. 9~b!.

2. Short-range order

Figure 10~a! shows the partial pair correlation function
Gi j (r ) for Ag2O-2B2O3. The first peak of the partials
GOO(r ) andGAgO(r ) are relatively sharp and symmetric
around 2.4 Å, while the first peak ofGBB(r ) has a ‘‘tail’’ at
large r , indicating that some of the B-O-B bond angles a
close to 180°. BothGAgB(r ) and GAgAg(r ) show a very
broad peak at about 3.1 Å, indicating a rather weak corre
tion between these atomic pairs. Here it may be instructiv
compare the findings with the corresponding crystall
phase. We have then to compare with the silver tetrabo
structure since there is unfortunately no structural determ
tion of crystalline Ag2O-2B2O3 reported. The structure o
crystalline Ag2O-4B2O3 contains many different Ag-B and
Ag-Ag distances.41 It is therefore not surprising that glass
Ag2O-2B2O3 shows broad distributions of these pair di
tances. However, the shortest Ag-Ag distance for the cr
talline structure of Ag2O-4B2O3 is 3.69 Å, which is consid-
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11 244 55SWENSON, BÖRJESSON, McGREEVY, AND HOWELLS
erably longer than the main Ag-Ag distance found here
glassy Ag2O-2B2O3. The coordination number of the firs
Ag-O peak,NAgO, is estimated at 3.3, which is in goo
agreement with the value (3.760.5) determined experimen
tally from neutron diffraction.35 Figure 11~a! shows the dis-
tribution of Ag-O coordination numbers of the RMC mode
From the figure it is evident that the distribution is wide a
that many different coordinations exist.

The partial pair correlation functions of~AgI! 0.6~Ag2O-
2B2O3)0.4 are shown in Fig. 10~b!. It is evident from the
figure that the first peaks inGi j (r ), not involving I correla-

FIG. 8. A 10-Å-thick slice of the RMC configuration o
Ag2O-2B2O3. ~a! shows the structure of the BO network and~b!
the distribution of silver ions. The radii of the chemical compone
are B50.5, O and Ag1 5 0.8 Å.
r

tions, are very similar to the corresponding peaks of the u
doped glass, although the nearest Ag-O and Ag-B corre
tions are less well defined and have lower coordinatio
numbers. The partials which involve I correlations show n
pronounced peaks, except for the nearest Ag-I distance,
dicating that the iodine ions are very weakly connected to th
BO network. The absence of any significant first I-I shell an
also any second-neighbor Ag-I coordination shows that n
larger AgI clusters are present in the structure. Thus, th

s
FIG. 9. A 10-Å-thick slice of the RMC configuration of

~AgI!0.6~Ag2O-2B2O3)0.4. ~a! shows the structure of the BO net-
work and~b! the distribution of silver and iodine ions. The radii of
the chemical components are B50.5, O and Ag150.8, and
I251.6 Å.
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observations made for the partial structure factors are s
also in the real-space correlations.

By comparing Figs. 10~a! and 10~b! it is found that the
Ag-Ag correlation is nearly preserved for the doped gla
while the coordination numbers for the nearest Ag
(r,3.0 Å! correlation are reduced to about a third of t
value for the undoped glass. This implies that the iod

FIG. 10. Partial pair correlation functions,Gi j (r ), calculated
from the RMC configuration of ~a! Ag2O-2B2O3 and ~b!
~AgI!0.6~Ag2O-2B2O3)0.4. The upper curves have been shifted
higher values for clarity.
en

,

e

ions, introduced by the dopant salt, also affect the coord
tion of the Ag1 ions from the network modifier. Thus,
large number of the Ag1 ions, which in the case of the
undoped glass are coordinated on average to 3–4 oxy
~of BO4

2 units!, are for the AgI-doped glass coordinated
both I2 and BO4

2 . This is evident in Figs. 11~b! and 11~c!
which show the distribution of Ag-O and Ag-I coordinatio
numbers, respectively, of the RMC model. Furthermore, o
can note that many different combinations of coordinatio
exist. Similar findings have been indicated by previous x-

FIG. 11. Distributions of coordination numbers for~a! Ag-O
in Ag2O-2B2O3, ~b! Ag-O, and ~c! Ag-I in ~AgI!0.6~Ag2O-
2B2O3)0.4.
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11 246 55SWENSON, BÖRJESSON, McGREEVY, AND HOWELLS
diffraction48 and NMR results.49 The average coordinatio
numbers of the nearest Ag-O (r,3.0 Å! and Ag-I (r,3.2
Å! distances are both estimated to be about 1.5@see Figs.
11~b! and 11~c!#.

VI. DISCUSSION AND CONCLUSION

Both the results obtained from the RMC simulations a
the comparison of x-ray- and neutron-diffraction data sh
that the origin of the FSDP is mainly due to large dens
fluctuations within the B-O network@see Figs. 5~a!, 5~b!, and
7~b!#. Actually, this result is not very surprising if one take
into consideration that the highest AgI doping causes an
pansion of the B-O network of about 60% while its sho
range order is preserved. Thus, this large network expan
must give rise to large voids. The density fluctuations p
duced are likely to produce a prepeak similar to that found
the total neutron structure factor and the partial structure
tors SBB(Q), SOB(Q), andSOO(Q) obtained both from the
RMC simulation and the initial HSMC simulation. The fa
that even the starting configuration shows a FSDP~however
at about 0.4 Å21) indicates that the presence of a prepeak
a natural result of the large network expansion and the m
tained connectivity. Furthermore, the experimental data~see
Secs. IV A and IV C! exclude any explanation of the FSD
in terms of AgI clusters, because such clusters would h
given rise to an enormously intense prepeak in the x-
structure factor and an increasing intensity of the FSDP w
increasing Ag scattering length. This conclusion for the A
doped glass is also in agreement with the results obta
from the RMC simulation~see Secs. V C 1 and V C 2!,
which showed that it is mainly the partial structure facto
SBB(Q), SQB(Q), andSOO(Q) that contribute to the experi
mentally observed FSDP at about 0.8 Å21. Thus, the results
indicate that the silver and iodine ions simply fill up th
voids within the BO network without forming any AgI clus
ters of significant sizes. This is supported by the ‘‘a
tiphase’’ behavior of the salt-network partial structure fact
in theQ region of the experimental FSDP@see Fig. 7~b!#.

Most of the above-mentioned results concerning
intermediate-range order are, in fact, directly visible in t
structures. In Figs. 8~a! and 9~a! it is seen that the BO net
work is formed into a ‘‘double-chain’’ structure similar t
the diborate chains in crystalline borate phases, as was
posed by Cervinkaet al.50 In the doped glass the introduc
tion of the silver and iodine ions cause an increased sep
tion of the chain segments. The origin of the FSDP is clea
visible in the structure as an interchain ordering betwe
neighboring chain segments. It is seen in Figs. 8~b! and 9~b!
that the silver and iodine ions are relatively homogeneou
distributed. Thus, the combination of Figs. 9~a! and 9~b!
gives a picture where the borate chains run through a r
tively homogeneous distribution of Ag1 and I2 ions. The
space between the borate chains seems to form path
which are likely to be favorable for diffusion of Ag1 ions.

In this section we would also like to conclude by givin
structural ‘‘pictures’’ of the results obtained from the diffra
tion experiments and the RMC simulations of t
Ag2O-2B2O3 and~AgI! 0.6~Ag2O-2B2O3)0.4 glasses. Let us
begin with the undoped glass, where the results indica
that the silver ions of the Ag2O-2B2O3 glass are coordi-
d
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nated entirely to BO4
2 units. By comparing the nearest Ag-O

~about 2.4 Å! and Ag-B ~about 3.1 Å! distances, one can
conclude that most of the Ag1 ions cannot be coordinated t
two oxygen atoms from the same BO4

2 unit, since this would
require a nearest Ag-B distance of about 2.7 Å, provided t
the Ag1 ion is symmetrically coordinated to two oxygens
the same BO4

2 unit. Thus, for the undoped glass it appea
that most of the Ag1 ions bridge between different BO4

2

units. This result is in contrast to the first result of an e
tended x-ray-absorption fine-structure ~EXAFS!
investigation,51 but in agreement with a later proposed stru
tural model.50 These findings, in combination with the larg
electronegativity of the Ag1 ion, suggest that most silve
ions form O-Ag-O bridges with significant covalent chara
ter between neighboring BO4

2 units. This causes an orderin
of BO chain segments characterized by a relatively w
defined distance, given by B-O-Ag-O-B, between two neig
boring borate chain segments. The interchain distance sh
correspond well to the observed characteristic intermed
distance of about 5 Å (52p/Q1) in the structure. Of course
this is an idealized and too ordered ‘‘picture’’ of the stru
ture, on which a high degree of disorder should be super
posed~e.g., the results from the RMC simulation show th
most of the Ag1 ions crosslink between more than tw
BO4

2 units!.
Let us now turn to the doped glass and focus on the st

tural effects of introducing the dopant ions. We note that
results for the~AgI! 0.6~Ag2O-2B2O3)0.4 glass showed tha
most of the Ag1 are coordinated to both I2 ions and BO4

2

units and that the FSDP at about 0.8 Å21 is a ‘‘new’’ peak
in the sense that it is not the FSDP of the undoped glass
has been shifted to a lowerQ value in the doped glass~see
Fig. 1!. Instead, it is obvious that the introduced dopant io
increases the intensity of a new FSDP, without changing
position ~although the peak is not observable for the low
salt concentrations!. Thus, the experimental results indica
that a characteristic mean distance of about 8–9
(52p/Q1) develops continuously in the structure with in
creasing dopant concentration. The reason for this is likel
be that the silver and iodine ions participate in the crossli
ing between neighboring chain segments, forming local B
Ag-I-Ag-O-B ordering similar to what has been suggested
Licheri et al.42 The formation of such bridges should the
push the diboratelike ‘‘double chains’’ apart and increase
distance between two neighboring segments to a mean
tance corresponding to the position of the new FSDP,
about 8–9 Å@see Fig. 9~a!#. For the highest doped glass it
probable that almost all the O-Ag-O bridges, present in
undoped glass, have been modified to O-Ag-I-Ag-O bridg
where, at average, every Ag1 ion coordinate to 1.5 oxygen
and 1.5 iodine ions~see Fig. 11!. The above given structura
‘‘picture’’ also helps to explain why the silver and iodin
ions form crystalline AgI for higher dopant concentration
since even longer bridges would then be too weak to k
segments of the boron-oxygen network together. The exc
AgI that is not introduced in crosslinks will then not be so
vated in the boron-oxygen structure and will instead crys
lize.

It is not established if the presence of well-pronounc
diffusion pathways in the glass network is an essential str
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tural feature for high ionic conductivity, although Fig. 9~a!
shows that the space between the borate chains cons
clearly observable pathways for ion migration in the dop
borate glass. However, similar pathways have also b
found in highly conducting AgI-doped phosphate glasse27

which together with the present observations indicate
their presence may be favorable for ionic conduction. T
would then support the diffusion pathway model7,18,19 and
the ideas of Tuller and Button,22 i.e., that the ions of the
dopant salt expands the network and gives rise to a m
open structure suitable for ion conduction. It is evident fro
several independent aspects of the structural results obta
that the suggested cluster model for ion conduction12–17 can
be immediately rejected~see Secs. IV A, IV C, V C 1,
V C 2!. Some of the observed differences between the g
structures and the corresponding crystalline structures
also play important roles in the ion conduction, since
corresponding crystalline structures have negligible cond
tivities. In particular the significantly lower average tot
d

,

ute
d
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at
s

re

ed

ss
ay
e
c-

number densities~i.e., larger free volumes! and the presence
of relatively short Ag-Ag distances in the glasses may be
importance, since they would both facilitate jump proces
of silver ions along the found pathways. The increasing c
ductivity for increasing dopant concentration may partly
explained by the dopant ion-induced widening of the pa
ways. The expansion of these pathways is likely to cause
experimentally observed decrease in activation energy
ion migration,Ea5Eb1Es , since the strain termEs is di-
rectly related to the size of existing doorways. It is also po
sible that the electrostatic binding termEb for the silver ions
decreases due to the reduced interaction with oxygens w
the I2 ions are introduced.
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