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Structure of Agl-Ag,0-2B,0; glasses: A neutron and x-ray-diffraction investigation
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The structures of fast ion conducting glasses in the sysfegh) ,-(Ag,0-2B,03),_, 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 | 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 Agl 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 Agl doping. This is
manifested in a diffraction peak at lo@ (around 0.8 A1), which grows with increasing Agl 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 chargedi8® 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 Agl clusters, which have been
suggested in the literature to be responsible for the high ionic conductivity of Agl-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 conducti@®163-18207)04817-0

I. INTRODUCTION obtained® Even higher conductivities can be achieved by
dissolving a metal halide sale.g., Lil, LiCl, Agl, AgBr,

Glasses with high ionic conductivity presently attract con-etc) into the metal-oxide modified glass, which can raise the
siderable scientific interest because of their potential appliconductivity up to 102 S/cm at room temperatufeThe
cations as solid electrolytes in electrochemical devices sucimtroduction of the dopant salt does not seem to affect the
as solid-state batteries, fuel cells, chemical sensors, ardcal structure of the B-O network as indicated by Raman
“smart windows.” Typical fast ion conductors are metal- and NMR resulté;” and it has been proposed that the ions of
oxide modified borate and phosphate glasses doped witihe dopant salt occupy interstices in the glassy structure and
metal halide salts. They have become model materials fothat they are only weakly connected to the glass
investigation of the conduction mechanism in amorphousetwork®’~° However, the host glass network expands con-
ionic conductors because of their high ionic conductivity,siderably to accumulate the dopant ions and large changes of
wide glass range, ease of glass formation, and chemical stéhe intermediate structure are indicated by neutron-
bility. diffraction experiment&?® This may be of importance for the

In the case of borate glasses the addition of metal oxiddigh conductivities of the metal halide doped glasses.
considerably modifies BO 5, which is a strong glass former Despite considerable experimental and theoretical efforts
in Angell’s classificatior;® and gives a partially ionic char- the conductivity mechanism is not yet fully understd8d.
acter by accommodation of the oxygen atoms into the glassYhis is partly due to an incomplete knowledge of the micro-
network structure. In this way the number of three-scopic structure from the available experimental results, in
coordinated boron atoms, typical of pure,®;, decreases particular, on the important intermediate length scale, i.e.,
while tetrahedral BQ units are formed: The ionic conduc-  4-50 A, where correlations between various structural sub-
tivity, associated with the mobility of th#1 * ions, increases units may be significant. Models based on various hypotheti-
drastically with increasing concentration of the metal-oxidecal microscopic structures have been proposed to explain the
and room-temperature conductivities of 70S/cm can be high conductivities of metal halide doped glasses. In one
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kind, the cluster modeéf:='" it is proposed that the metal IIl. DIFFRACTION NOTATION
halide salt is introduced into the amorphous network in clus-
ters or microdomains of size-10 A. Within the micro-

domains, which are assumed to have an internal structure We Will use the following notation for the scattered neu-

similar to that of the dopant salt, the barriers for conductiontfon inténsity from glasses and for the corresponding real-

are low whereas there may be relatively large barriers pesPace functions. The differential scattering cross section

tween clusters. This model has been used particularly to ex{Q) (=do/d€) can be expressed as a sum of two teffhs:
plain the high ionic conductivity in Agl-doped glasses. Agl

is, in its crystallinea phase above 147 °C, one of the best I(Q)=IS+ID=E ci<bi2)[1+ Pi(Q,0)]

ionic conductors known. In another kind of model the ionic !

conductivity takes place within connected conduction path- 1 (=

ways of relatively low activation barriefs-®1°This idea was + 6,[ D(r)sin(Qr)dr, (1)

first proposed to explain the conductivity of metal-oxide 0

modified oxide glasses and has later been extended in vanvhere the first term is known as the self-scattering and the
ous forms to the salt-doped glasses. The pathways are theecond term is known as the distinct scattering. It is the latter
assumed to be formed by the anions of the dopant salt and/@vhich carries information on the interatomic correlations.
the negatively charged centers of the network, e.g., thdhe summation is taken over the different elements in the
BO, groups. There are also various models which rest osample,c; is the fraction ofi atoms in the sample, and
the assumption that the ions of the dopant salt are homogéb?) is the mean-squared scattering length for elemient
neously distributed in the glass. Two of these are the “ranD(r) is the neutron-weighted reduced pair distribution func-
dom site model”(Ref. 20 and the weak electrolyte modfél.  tion andP;(Q, 6) represents inelastic-scattering events and is
Although they make the same structural assumption thesknown as the Placzek correction teffiiThe static structure
models are distinctly different. For example, in the random@ctor, S(Q), is obtained from the distinct scattering as fol-

A. Neutron diffraction

site model the role of the dopant salt is, apart from providing®Ws:

the charge carriers, to lower the potential barriers within the I5(Q)

glass. All cations are assumed to contribute to the conduc- S(Q)= ﬁJrl, 2
iCi{h

tivity. Thus, it is mainly the mobility of the cations which
increases with increasing dopant salt concentration. In th®(r) is obtained by Fourier transformation of the distinct
weak electrolyte modét the mobility is independent of the scattering:
glass composition and the change in conductivity with glass
composition is completely due to a change in the number of
charge carriers. It is proposed that only a fraction of the
cations contribute to the conduction, all the remainder are ) o
fixed and associated with the glass network. In yet anothel (r) can also be written as the neutron-weighted., de-
model Tuller and Buttoff have suggested that the increasePendent upon the scattering lengths of the constituent atoms
in conductivity with increasing cation concentration is sim-Sum of the reduced partial pair distribution functions
ply due to the dopant salt expanding the glass network, redij(r):
sulting in a more open structure suitable for ion conduction.

The divers_ity of spc_acific assumptions in_ the various mod- D(r)= 2 cic;bib;d;; (r). (4)
els of the microscopic structural properties of the glasses i
emphasizes the need for a better understanding of the micr%-

2 o
D)=~ "QIo(Q)sinrQ)dQ. @

scopic structure. In this paper, we have used x-ray- an et us here also define the atomic pair correlation function,

neutron-diffraction (including isotope substitution of Ag (r). which is obtained fronD(r) through
techniques in combination with the reverse Monte Carlo

(RMC) modeling®#*to investigate the structure of a model G(r)ID(I’)/47Tp|’( > cib;
system for fast ion conducting glass systems, namely i
(Agl)x(Ag20-2B503); —, (x=0-0.6. In view of the as- \yhere, is the atomic number density.
sumptions of the structural and conductivity models dis-
cussed above, it is of particular interest to investigate the
environment around the Agions and the structural origin
of a strong diffraction peak previously observed by neutron A general theory for x-ray scattering can be found in Ref.
diffraction at an anomalously loW@ value of about 0.8 29. Here we will use a notation for x-ray diffraction which is

A ~189 which indicates intermediate-range ordering on asimilar to that for neutron diffraction, with the exception of
length scale of about 8 A. A similar peak has also beerthe scattering lengttdenotedb for neutrong, which here is
observed in other Agl-doped glas$e<® The nature of the Q dependent and given by the atomic form facefQ), for
associated intermediate-range ordering has been a matter @ement. It is also important to note that ti@ dependences
controversy(see, for example, Refs. 17 and)2lh this paper of the partial atomic form factors are different. Hence, a
we show that the origin of the prepeak in Agl-doped borateformally correct correspondence to E@.) can for x rays
glasses is predominantly due to local-density fluctuations obnly be made for a one-component system, where the scat-
the B-O network structure. tered intensity is given by

2
+1, 5

B. X-ray diffraction
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I(Q):IS+ID:f2(Q)+6f0 D(r)sm(Qr)dr. (6) (AgI)x(Agzo-z_Bzo.a).J..;.x.._
The normalized structure factoE(Q), is obtained from 4 ﬁ /\ N x=0.6
[(Q) through N
I X=0.5
F(Q)=I ls. 7
(Q=1(Q!15 @) 2l A 2208
For ann-component system the total structure fadiqQ) —_ \¥ <<0.3
can be expressed as a sum of the Faber-Ziman partial struc- g o N —
ture factorsS;; (Q):* N 5 x=0.2
F(Q)_Ei”,;:1CiC,~fi(Q)f;(Q)[Sn(Q)—1] @® x=0.1
3 cifi(Q)? ] x=0
Thus, it is not possible to obtain a correct to@{r) by a
direct Fourier transformation df(Q) for a multicomponent
system, since the form factors of different chemical compo- Y] YR PR T T
nents do not have the sar@edependence. 0 5 10 15 20 25
Momentum Transfer (A ")
Ill. EXPERIMENT
A. Neutron diffraction FIG. 1. Experimental neutron structure facto®Q), for the

glasses(Agl),(Ag,0-2B,03);_, (x=0-0.6. The upper curves

lon conducting glasses with compositionfAgl),-  have been shifted in subsequent steps of 0.5.
(Ag,0-2B,03);_«(x=0-0.6 were prepared using a con-
ventional melt-quenching method according to proceduresleasurements were made in transmission geometry for
described previousl$* In all samples boron was isotopi- 2°<2§<22° and reflection geometry for 18%26<120°.
cally enriched in*B (99%) in order to minimize the influ- The x-ray wavelength was 0.689 A. After separate correc-
ence of the high neutron absorption 98 present in natural  tions the two spectra were scaled to overlap in the region
boron. For the Agl-AgO-2B,05 composition an additional 10°<26<20° and combined. The inelastic Compton
sample with'°’Ag (instead of natural silvgwas prepared. scattering” was subtracted experimentally using the Warren-
The samples, which were in shapes of cylindrical rods with aviavel method® (Zr K edge, as developed for use on Station
diameter of 9 mm and a length of 50 mm, were mounted irg.13° The data were also corrected for scattering from the
thin-walled vanadium containers. The neutron-diffraction ex-tape, absorption, and polarization, divided by the total atomic
periments were performed on the time-of-flight liquid andform factor and normalized to unity at large scattering

amorphous materials diffractomet¢LAD) at the pulsed angles. Multiple scattering was assumed to be negligible.
neutron source ISIS, Rutherford Appleton Laboratory. The

di_ffractom_eter has been described in detail elsewfiere. IV. RESULTS OF THE EXPERIMENTS
Time-of-flight spectra were recorded separately for each
group of detectors at the angles 150°, 90°, 58°, 35°, 20°, A. Neutron diffraction

10°, and 5° and also for monitors in the incident and trans-  The neutron structure factor§(Q), of (Agl),(Ag,O-
mitted beam, respectively. The data of each detector groupp.,0,), , (x=0-0.6 are shown in Fig. 1. It should be
were corrected separately for background and container sca{nied that the total number density is dominated by boron
tering, absorption, multiple-scattering, and inelasticity ef-5,4 oxygen for all the investigated glas¢ese Table ) and

fects, and normalized against the scattering of a vanadiunhat the scattering lengths of the atomic species are of the
rod following the procedure in Refs. 34 and 35. The cor-

rected individual data sets obtained at each angle were then TABLE |. Number densities for(Agl)-(Ag,0-2B,03);_,
combined in order to obtain a large+ange and to improve (x=0-0.6 glasses are shown. Both the total number densities and
the statistics. For each data set only t@erange that the separate number densities for borenoxygen and silver+
agreed with other data sets in the overlappi@gregion iodine are given.

was used. Preliminary results for the #@-2B,0; and

(Agl) 0. Ag,0-2B,03), 4 Samples have been presented inGlass Number densitigatoms/A’)

earlier report$;® however a less accurate data correction procomposition Total B0 Ag+l
cedure was used in those reports. =0 0.0846 0.0716 0.0130
) ) x=0.1 0.0852 0.0709 0.0143
B. X-ray diffraction x=0.2 0.0824 0.0671 0.0153
X-ray-diffraction  experiments  on (Agl),(Ag,0- x=0.3 0.0790 0.0627 0.0163
2B,0;);_x (x=0, 0.6 were performed at Station 9°t,a x=04 0.0759 0.0582 0.0177
high-precision powder diffractomer situated at the SERC'sx=0.5 0.0705 0.0517 0.0188
Synchrotron Radiation Sour¢€RS, Daresbury Laboratory, x=0.6 0.0642 0.0441 0.0201

UK. The glass samples were powdered and stuck on tapes
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TABLE Il. Weighting factors for the different atomic pair cor-
relations in neutron- and x-ray-diffraction experiments of
Ag,0-2B,0;. The ratios between the neutron and x-ray weighting
factors are also given.

Weighting factors AgO-2B,0;

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
0-0 0.2650 0.1086 0.401
O-Ag 0.1554 0.3643 2.344
Ag-Ag 0.0228 0.3056 13.40

same order. This implies that the total scattering is domi-
nated by boron-oxygen correlatiofisee Tables Il and 1)1
From the figure it is evident that all the glasses show almost
identical results for the higkp range, indicating very similar
short-range B-O structures. The insensitivity of the hi@h-
range to metal halide doping then support previous Raman,
NMR, and neutron-diffraction resufté— indicating that the
ions of the dopant salt do not participate in the network
formation, rather they enter into interstices and voids of the
host B-O network structure. However, in the l@viegion
below 3 A~ there are clear differences between the inves-
tigated glasses. The firgsharp diffraction peak(FSDB, at

1.3 A~ for the undoped glass decreases in intensity with
increasing Agl concentration and, instead, a new prepeak at
about 0.8 A"! successively grows in intensity. The prepeak,
which appears as a shoulder for the compositier0.2, is

first seen as a resolved peak fo=0.3 and for the highest
Agl concentration the peak has grown considerably and the
amplitude is as high as that of the main peakS§f)) at
about 6 A1, The position of this low® peak,Q;, corre-

TABLE IIl. Weighting factors for the different atomic pair cor-
relations in neutron- and x-ray-diffraction experiments of the
(Agl) 0.6(Ag,0-2B,03)( 4 glass and for the difference between the
two neutron samples of Agl-Ag-2B,0; (1°Ag-"Ag). The ratios
between the neutron and x-ray weighting factors of the
(Agl) .6(Ag,0-2B,03)( 4 glass are also given.

Weighting factorgAgl)(Ag,0-2B,03);_4

12 IIIIIIIIIIIIII'IIII]IlIl
" (Agl)(Ag,0-2BO)
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r (A)
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6
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(Agl) (Ag0-2B0)

-0.14-

3 5§67 91113

o

r (A)

FIG. 2. Neutron weighted atomic pair correlation functions,
G(r), (a) and reduced pair distribution functiori3(r), (b) for the
glasseqAgl),(Ag,0-2B,03);_, (x=0, 0.3, and 0.6 The upper
curves have been shifted to higher values for clarity.

Neutron Ratio
x=0.5 X ray X ray/neutron

Atom pair  x=0.6 19Ag-"Ag  x=0.6 x=0.6
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
0-0 0.1809 0 0.0306 0.169
O-Ag 0.1859 0.439 0.1799 0.968
O-l 0.0704 0 0.0870 1.24
Ag-Ag 0.0479 0.221 0.2643 5.52
Ag-l 0.0362 0.058 0.2554 7.06
-1 0.0070 0 0.0617 8.81

sponds to a real-space characteristic length of about
2mw/Q,~8 A. Thus, the introduction of Agl induces longer
length-scale density fluctuations than those of the undoped
glass.

We also observe features in the real-space correlations,
corresponding to those seen in the structure factors. In Fig.
2(a), which shows the atomic pair correlation functions,
G(r), for the compositionx=0, 0.3, 0.6, it is evident that
the short-range order of the BO network is unaffected by the
introduced metal halide salt, since neither the first peak at 1.4
A (the nearest B-O distanc@or the second peak at 2.4 A
(the nearest B-B and O-O distangeshow any significant
changes with increasing dopant salt concentration. The only
apparent effect of the Agl doping on the short-range corre-
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FIG. 3. Experimental neutron structure fact@®6Q), of the two r (A)
neutron samplegatural Ag and*%’Ag) of Agl-Ag ,0-2B,0;. The
dashed line represents th&Ag sample and the solid line is for the

sample with natural Ag.

FIG. 4. Shows the difference iG(r) between the two neutron
samples of Agl-AgO-2B,05 (1°’Ag-"Ag).

lations is the appearance of a small peak at 2.85 A. This pedke interval 2—-4 A, where the intensity for the sample
is probably due to the nearest Ag-l distance since it nearlyvith *’Ag is much higher. Thus the correlations involving
coincides with the Ag-l distancg2.8 A) in crystalline silver contribute mainly in thi€ region. It is also interesting
a-Agl.*° to note that the intensity of the prepeak is slightly lower for
The correspondences in real space to the observed diffethe sample with'®’Ag, showing that silver ions are not di-
ences in the lowd range of the structure factors are betterrectly involved in the correlations giving rise to the FSDP.
emphasized in Fig.(®), where the reduced pair distribution Rather, the decreasing intensity of the FSDP for increasing
functionD(r) is plotted in the range 28r<14.5 A for the Ag scattering length indicates that the Ag contribution to the
compositionsx=0,0.3,0.6. The figure shows two interesting FSDP is less than the average contribution of the other three
points. First, all the curves exhibit relatively sharp peaks outi-€., B, O, and I') components.
to about 10 A and all these peaks are situated at about the Figure 4 shows the difference i@(r) between the two
same position in all glasses. These peaks are real and are rfdver samples of Agl-AgO-2B,03. The relative scattering
spurious features introduced by the Fourier transformatio®f the two samples has been weighted so as to cancel all
procedure. This was tested by truncatiSfQ) at various correlations except those involving Agee Table Il). The
different Qs prior to Fourier transformation. The small but small peak at about 2.5 A in Fig. 4 is attributed to the nearest
relatively well-defined peaks out to about 10 A indicate con-Ag-O distance as in glassy A@-2B,0; (Ref. 35 and crys-
siderable internal ordering within the boron-oxygen network talline Ag,0-4B,0;.** The main peak at 3.1 A must be due
which is similar for all the glasses investigated. They mayto the nearest Ag-Ag and Ag-B correlations, provided that
then be interpreted as characteristic distances within B-@here is no pronounced Ag-O correlation in the actuaé-
chains or segments. Second, the origin of the FSDP may b@on. Also, contributions from Ag-I correlations are expected
seen also in real space. The undoped and highest dop#d this r range. However, the weighting factor for Ag-I is
glasses show broad peaks at around 5 and 8.5 Aelatively low (see Table Il). It should also be noted that
(=~27/Q,), respectively, while the glass with the intermedi- there are no distinct Ag correlations involved beyond 4 A
ate Agl concentrationX=0.3) exhibits no clearly observ- Within the experimental accuracy.
able characteristic distance in analogy with the weak FSDP
observed inS(Q). The characteristic distances of 5 and 8.5
A'in the undoped and highest doped glasses, respectively, are
“quasiperiodic” and extend at least to the second-order cor- The experimental x-ray structure factors of A@r
relations at about 12 which in the figure is seen as a broad 2B,03; and (Agl) g6 (Ag,0-2B,03)¢4 are shown in Fig.
weak peak at about 10-11 A for the undoped glass. Thu€(a). The x-ray structure factor of the undoped glass
there are real-space featuresDir) out to about 20 A, cor- (x=0) shows a first diffraction peak at 1.2574, i.e., at a
responding to the observations made for the @wange in  slightly lower value than in the neutron structure factor, and
S(Q), which can be interpreted in terms of intermediate-a strong main peak at 2.25 &, probably related to nearest
range ordering phenomena. Ag-Ag correlations considering its strength and the relative
The experimental neutron structure factdséQ), of the  scattering contributions of the different atoifsee Table ).
two samples with different silver isotopératural Ag and Relatively sharp peaks are also observed at about 3.2 and 4.3
107ag) of Agl-Ag ,0-2B,0; are shown in Fig. 3. Very simi- A ~1. At higher Q the structure factor shows only a weak
lar results are observed over the wh@erange, except for oscillation with a period of about 2.5 A'. For the Agl-

B. Structure factors from x-ray diffraction
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(AgI)OG (A920-2B203)0.4:

greater(see Table IlJ; in the neutron-diffraction experiment

the internal boron-oxygen network correlations dominate by
a factor of 5 compared to the silver and iodine correlations,
whereas in the x-ray-diffraction experiment the total scatter-

ing from silver and iodine is more than 10 times larger than
from the boron-oxygen network.

Let us focus here on the intermediate-range correlations
which mainly contribute to the lov@ range of the respective
structure factor. For both the undoped and doped glasses the
positions of the respective first diffraction peak are similar in
the x-ray and neutron structure factdeee Figs. &) and
5(b)]. The intensities are, however, much lower in the two
x-ray structure factors. This difference is then due to the
different weighting factors in neutron and x-ray diffraction
experiments. The origin of the FSDP is obviously due to
density fluctuations in the B-O network, since the x-ray data
see predominantly Ag and | correlations, whereas the neu-
tron data are mostly sensitive to O and B correlations.

Ag 0-2B0,

—_

0.5

0 2 4 6 8 101214

(a) Momentum Transfer (A" )

(Agl)o_6 (AgzO-ZBZOS)O_

2.5

g V. REVERSE MONTE CARLO SIMULATIONS

From the combination of neutron- and x-ray-diffraction
experiments we established in the previous section a few of
the short-range bond distances and that it is predominantly
the B-O network that gives rise to the anomalous FSDP in
the Agl-doped glass. However, to obtain a more detailed
“picture” of the structure it is desirable to perform some
kind of modeling of the glass structure. This can be done by
using common computer-simulation techniques like molecu-
lar dynamics(MD) and Monte CarldMC) simulations, but
it is a complex task because of the difficulty to obtain suffi-
ciently good interatomic pair potentials for the present com-
plicated glasses. Despite these difficulties MD simulations
have been reported recently on glasses with the same com-
position as in the present stuff/While the MD study re-
produced relatively well the higlp part of S(Q), there were

FIG. 5. Experimental x-raya) and neutror(b) structure factors arge discrepancies in the lo@-range ofS(Q). We have
(solid lineg and computed x-ray weightdd) and neutron weighted taken a different approach; we have applied the reverse
(b) total structure factor&dashed linesfor the RMC configurations Monte Carlo (RMC) modeling techniqué?* in order to
of Ag,0-2B,05 and(Agl), (Ag,0-2B,05), 4. The structure fac- Make direct use of the available experimental data. The tech-
tors of the doped glass have been shifted vertically by one unit. nique, which has recently been successfully applied to other

network and fast ion conducting glas$&4’ will be applied
doped glassX=0.6) a first diffraction peak occurs at 0.85 here to create structural models using the present neutron-
A1 i.e., ata slightly higher value than in the neutron struc-and x-ray-diffraction data of the silver borate glasses.
ture factor, and the main peak is situated at about 2.7.A
Above the main peak only periodic oscillations at multiples A. The method
of this Q are observed. The structure factor for tkre 0.6

sample is in good agreement with previously reported x-ray RMCmﬂseS a standard. metropol_ls Monte_ CaﬁmMC)
results obtained by Lichegt al*? algorith to move particles within the simulation box

(Markov chain, periodic boundary conditions, etdut in-
stead of minimizing the energy, the squared difference be-
tween the experimental structure factor and the structure fac-

Let us now compare the x-ray-weighted structure factorgdor calculated from the computer configuration was
[see Fig. %a)] with the corresponding neutron-weighted minimized. Thus, no interatomic potentials are needed in the
structure factors shown in Fig(9. This is interesting, since  RMC method, but instead it requires accurate structural data
the atomic scattering coefficients are very different for theas input. Data from different sourcéseutron, x-ray, ex-
present glassdsee Tables Il and I)I For the undoped glass tended x-ray-absorption fine structileXAFS)] may be si-
(see Table Il the total neutron scattering is dominated by multaneously fitted. Using RMC it is possible to obtain
correlations within the boron-oxygen network72%), three-dimensional structural models of disordered materials
whereas the x-ray-weighted scattering is dominated by silvethat agree quantitatively with the available diffraction data
correlations(80%). For the Agl-doped glass the difference (provided that the data do not contain significant systematic
between the neutron and x-ray structure factors is evemrrors.

A 920-2B203

T T T T T T

0.5

0 5 10 15 20 25
(b) Momentum Transfer (A" )

C. Origin of the first sharp diffraction peak
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B. Simulation procedure

IIIIIIIIII|IIIII|||

Ag0-2BO,

To be able to simulate the intermediate-range structural 30
order the configuration has to be large enough so that the
corresponding box size does not influence the ordering in
guestion, i.e., a large number of atoms must be used. The 25
computer configurations of the present undoped @) and
doped &=0.6) glasses contained 3900 and 3840 atoms, re-
spectively. The box lengths of the undoped and doped
glasses were given the values 35.86 and 39.11 A, respec-
tively, which correspond to the experimentally measured
densities. Periodic boundary conditions were used in cubic
boxes.

In order to ensure physically realistic configurations, in
the sense that there is no overlap of atoms and that the B and
O atoms form a proper network, we ran hard-sphere Monte
Carlo (HSMC) simulations with certain constraints applied.
The constraints were of two kinds; closest atom-atom ap-
proach and connectivity. The closest distances that two at-
oms were allowed to approach were determined from the 0
experimental results, e.g., the radial distribution functions. AT IR R R
The following closest atom-atom distances were used in the 0O 2 4 6 8 10
simulations: 1.25 A for B-O, 2.1 A for B-B, O-O and Ag-O,
2.4 A for Ag-l, 2.5 A for Ag-Ag, 2.6 A for Ag-B, 2.8 A for
O-l, 3.2 A for B-I, and 3.6 A for I-I. The constraints on the
B-O network connectivity V\gere apph%&gn the b'aSIS of "®-rRMC configuration of AgO-2B,03. The upper curves have been
sults obtained by NMR_", Ramari,>™ and infrared  ghifted to higher values for clarity.
experiments’ These experiments have shown that the addi-
tion of M,O to B,O5 causes a progressive increase in the 4
number of four-coordinated borons at the expense of thredhat the lowQ part (1.30-3 A ) of the structure factor of
coordinated ones. At the compositith,0-2B,05 the frac-  the Ag20-2B;03 glass contains four FSDP’s and that RMC
tion of four-coordinated borons is close to 45%. Thereforehas managed to reproduce all these, although it has been
we have applied the constraints that all the oxygens are cdhought that the peaks are due to complex structural units
ordinated to two borons and that 45% of the borons are coand that the RMC method should not be able to create these
ordinated to four oxygens. The remaining borons are coordiunits during the fitting procedure. Thus, in contrast to what
nated to three oxygens. The B-O distance was allowed tbas been thought, it has been possible to reproduce the com-
vary from 1.25 to 1.65 A. In this way we have ensured thatplex low-Q range on the basis of a structure whose topology
BO; and BO, units are formed and that they are linked is predefined by the coordination constraints, i.e., without
together in a network. After the BO network was producedspecifically having to build complex units into the structure.
by the HSMC simulation, all the Ag and I~ ions were The experimental x-ray structure factors are almost ex-
randomly added into the computer box. These were the@ctly reproduced by the RMC configurations. Considering
moved apart from each other and from the B and O atoms ifhe different weights of the scattering in the x-ray and neu-
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Momentum Transfer (A™)

FIG. 6. Partial structure factors5;(Q), calculated from the

order to fulfill the closest atom-atom constraints. tron structure factors and also the excellent agreement of the
RMC models with the experimental data, the RMC configu-
C. Results rations should contain the essential structural features of the

The structure factors of (Agl),(Ag,0-2B,03)1_y investigated glasses.

(x=0,0.6 glasses obtained by RMC modeling are compared

with those obtained experimentally in Figs@band Fb). 1. Intermediate-range order
The overall structure factors are well reproduced and, in par- _ _
ticular, the first sharp diffraction pealeSDP is well fitted In Fig. 6 we plot the partial structure factdgg(Q) of the

in both cases. The configurations should therefore contaiRMC-produced configuration of A@-2B,0;. This con-
information related both to the short-range order and to thdirms the experimental result that the FSDP at 1.3%As
origin of the FSDP and the type of intermediate-range ordemainly due to correlations within the B-O network. The three
producing it. Some deviations from the experimental neutrorpartial structure factorSgg(Q),Sgo(Q), and Spo(Q) have
structure factors are observed in tQeregion around 2—4 peaks at about the san@ value (1.2 A1) as the experi-
A~1. [Smaller deviations are also observed in the hgh- mentally observed FSDP. However, it is interesting to note
range above 10 A! for (Agl)o(Ag,0-2B,03)04.] Previ-  that the other three partial structure factoBag.aq(Q).
ous RMC modeling on other materials using data taken ofBgag(Q), and Spag(Q) also show rather well-defined fea-
LAD indicate that the range 2—4 A may contain system- tures(dips or peaksat 1.2 A™%; Spy 04(Q) has a peak and
atic experimental or correction errors. This is probably theSgag(Q) and Spa(Q) show dips(“negative peaks], i.e.,
main reason for the deviations in this range. However, notéhe correlations are in antiphase to the other four pair corre-
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yZ P— more evident_ in Fig. (b), where the correlations within the
(Agl) . (Ag o-lzs ol) BO network(i.e., the B-B, B-O, and O-Dhave been added
08 T "2 2 %004 together to produce a concentration weighted “BO-BO par-
tial” structure factor, and the correlations within the Agl salt
and the crossterms between the network atoms and the salt
ions have correspondingly been added to a “Agl-Agl par-
tial” structure factor and a “BO-Agl partial” structure fac-
tor, respectively. The BO-BO and Agl-Agl partials show,
- respectively, an intense and a weak peak at about 0.75
0-Ad] A ~1 while the BO-Agl correlation has a dip at a similar
L /7 . Q value, as mentioned above. This indicates, as for the un-
doped glass, that the Ag and I~ ions participate in

ZJ\_/\/\Q'Q_' crosslinking between neighboring BO segments. Note also

[ B-I] that the BO-Agl partial shows almost no oscillations over the

20 / . whole Q range, indicating that the silver and iodine ions are
- B-Ag]

60

|

T
>

0
”?
9 |

Ag-l
50

|

40

30

Partial S(Q)

very weakly correlated to the BO network and that their po-
sitions are less well defined compared to silver ions in the

10¢ B-O undoped glass. Thus, two facts are evident from Fi9).7
r B-B] First, it is mainly the density fluctuations within the BO net-
0 m work that causes the FSDP $(Q) and, second, the silver
0 2 4 6 8 10 and iodine ions are present in the voids between the BO
- segments, without participating in the network formation.
(@) Momentum Transfer (A™)

The relatively weak peak at about 0.75 Ain the Agl-Agl
T e partial is interpreted as being due to correlations over the BO
F (Agl)  (Ag.0-2B.0.) network, since the “clustered” BO network causes voids in
- 0.6 2 2~ 3/0.4 : FSRgH b ; ; :
the silver and iodine distributions which are likely to produce
a weak prepeak in the correlations between the salt ions.
Figures 8a) and &b) show the structure of the BO net-
work and the distribution of silver ions in the undoped glass,
and Figs. @a) and 9b) show the corresponding BO structure
and Ag* and I~ distributions for the highest doped glass.
The figures show a 10-A-thick slice of the two RMC con-
figurations. By comparing Figs(& and 9a) the dopant salt-
induced expansion of the BQ network is clearly visible. The
- . voids in the BO network of the doped glajsee Fig. %a)]
0 - are of relatively well-defined size (83 A) and the average
A P PR distance over the voids corresponds well to @evalue of
0 5 10 15 the FSDP (2r/Q,~8 A). Both the silver ions of the un-
(b) Momentum Transfer (A”) doped glas$see Fig. 8)] and the silver and iodine ions of
the doped glasfsee Fig. %)] seem to be rather homoge-
FIG. 7. (a) Partial structure factors;(Q), calculated from the neously distributed and no Agl clusters of any significant
RMC configuration ofAgl)¢(Ag,0-2B,03)4. (b) The correla-  sizes are observed in Fig(k.
tions within the BO networKi.e., the B-B, B-O, and O-§) within
the Agl salt, and between the network and the salt have been added 2. Short-range order
together to produce the three concentration weight_ed partial struc- Figure 1@a) shows the partial pair correlation functions
ture factors; BO-BO, Agl-Agl, and BO-Agl, respectively. The up- Gij(r) for Ag,0-2B,05. The first peak of the partials

per curves have been shifted to higher values for clarity. Gooff) and GAgO(r) are relatively sharp and symmetrical
around 2.4 A, while the first peak @gg(r) has a “tail” at
lations, which strongly indicates that the Agons crosslink larger, indicating that some of the B-O-B bond angles are
between neighboring BO segments and occupy relativelglose to 180°. BothGagg(r) and Gagag(r) show a very
well-defined positions. broad peak at about 3.1 A, indicating a rather weak correla-
Figure 1a) shows the partial structure factors of the RMC tion between these atomic pairs. Here it may be instructive to
configuration of(Agl)¢Ag,0-2B,03)q4. It can be seen compare the findings with the corresponding crystalline
that the origin of the FSDP in the tot&(Q) is predomi- phase. We have then to compare with the silver tetraborate
nantly due to a prepeak at about 0.75 in the three partial ~ structure since there is unfortunately no structural determina-
structure factorSgp(Q), Spo(Q), andSyo(Q). We note that  tion of crystalline AgO-2B,05 reported. The structure of
the partialSyg(Q) also shows a broad peak at a simi@r  crystalline Ag,0-4B,03 contains many different Ag-B and
value, however, of relatively low intensity. The partial struc- Ag-Ag distance4! It is therefore not surprising that glassy
ture factors which involve correlations between the networkAg,0-2B,04 shows broad distributions of these pair dis-
atoms and the salt iorige., Syg(Q), Sago(Q), Sg(Q), and  tances. However, the shortest Ag-Ag distance for the crys-
So(Q)] have dips at th& value of the FSDP. This is even talline structure of AgO-4B,0 is 3.69 A, which is consid-

Sum of partial S(Q)

Agl-Agl
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(b)

FIG. 8. A 10-A-thick slice of the RMC configuration of
Ag,0-2B,0;. (&) shows the structure of the BO network afi FIG. 9. A 10-A-thick slice of the RMC configuration of
the distribution of silver ions. The radii of the chemical components(Agl), (Ag,0-2B,03)0.4. (8) shows the structure of the BO net-
are B=0.5, 0 and Ag = 0.8 A. work and(b) the distribution of silver and iodine ions. The radii of
the chemical components are=B.5, O and Ag =0.8, and
I"=1.6 A
erably longer than the main Ag-Ag distance found here for
glassy AgO-2B,05. The coordination number of the first
Ag-O peak,Njpqo, is estimated at 3.3, which is in good tions, are very similar to the corresponding peaks of the un-
agreement with the value (3t0.5) determined experimen- doped glass, although the nearest Ag-O and Ag-B correla-
tally from neutron diffractior?® Figure 11a) shows the dis- tions are less well defined and have lower coordination
tribution of Ag-O coordination numbers of the RMC model. numbers. The partials which involve | correlations show no
From the figure it is evident that the distribution is wide andpronounced peaks, except for the nearest Ag-l distance, in-
that many different coordinations exist. dicating that the iodine ions are very weakly connected to the
The partial pair correlation functions ¢Agl),¢Ag,0-  BO network. The absence of any significant first I-1 shell and
2B,03)(4 are shown in Fig. 1®). It is evident from the also any second-neighbor Ag-l coordination shows that no
figure that the first peaks i;;(r), not involving | correla-  larger Agl clusters are present in the structure. Thus, the
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(b) r (A) in Ag,0-2B,05 (b) Ag-O, and (c) Ag-l in (Agl)ogAg,O-

28203)0.4-
FIG. 10. Partial pair correlation function;;(r), calculated
from the RMC configuration of(a) Ag,0-2B,0; and (b)

(Ag) 0 6(Ag,0-2B;03)0,4. The upper curves have been shifted 10 jong introduced by the dopant salt, also affect the coordina-
higher values for clarity. tion of the Ag™ ions from the network modifier. Thus, a
large number of the Ag ions, which in the case of the
observations made for the partial structure factors are seedndoped glass are coordinated on average to 3—4 oxygens
also in the real-space correlations. (of BO, units), are for the Agl-doped glass coordinated to
By comparing Figs. 1@ and 1@b) it is found that the both I~ and BO, . This is evident in Figs. 1(b) and 11c)

Ag-Ag correlation is nearly preserved for the doped glasswhich show the distribution of Ag-O and Ag-I coordination
while the coordination numbers for the nearest Ag-Onumbers, respectively, of the RMC model. Furthermore, one
(r<3.0 A) correlation are reduced to about a third of thecan note that many different combinations of coordinations
value for the undoped glass. This implies that the iodineexist. Similar findings have been indicated by previous x-ray
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diffraction*® and NMR resultd? The average coordination nated entirely to BQ units. By comparing the nearest Ag-O
numbers of the nearest Ag-0 3.0 A) and Ag-l (<3.2  (about 2.4 A and Ag-B (about 3.1 A distances, one can
R) distances are both estimated to be about[$e® Figs. conclude that most of the Agions cannot be coordinated to

11(b) and 110)]. two oxygen atoms from the same BQunit, since this would
require a nearest Ag-B distance of about 2.7 A, provided that
V1. DISCUSSION AND CONCLUSION the Ag* ion is symmetrically coordinated to two oxygens in

the same BQ unit. Thus, for the undoped glass it appears

Both the results obtained from the RMC simulations a”dthat most of the Ag ions bridge between different BD

the comparison of x-ray- and neutron-diffraction data show, i« This result is in contrast to the first result of an ex-

that the origin of the FSDP is mainly due to large density . . o

fluctuations within the B-O networfsee Figs. &), 5(b), and f[ende(_j X lray a_bsorptlon f|r_19 structure (EXAFS)

7(b)]. Actually, this result is not very surprising if one takes investigatiort” but in agreement with a later proposed struc-
) ’ ural model® These findings, in combination with the large

into consideration that the highest Agl doping causes an e - ! .
pansion of the B-O network of about 60% while its short- lectronegativity of the Ag ion, suggest that most silver

range order is preserved. Thus, this large network expansidqns form O-Ag-O bridges with significant covalent charac-
must give rise to large voids. The density fluctuations proter between neighboring BPunits. This causes an ordering
duced are likely to produce a prepeak similar to that found irPf BO chain segments characterized by a relatively well-
the total neutron structure factor and the partial structure facdefined distance, given by B-O-Ag-O-B, between two neigh-
tors Sga(Q), Sor(Q), and Soo(Q) obtained both from the boring borate chain segments. The interchain distance should
RMC simulation and the initial HSMC simulation. The fact correspond well to the observed characteristic intermediate
that even the starting configuration shows a F§B&wever distance of abab A (=27/Q;) in the structure. Of course,
at about 0.4 A'1) indicates that the presence of a prepeak ighis is an idealized and too ordered “picture” of the struc-
a natural result of the large network expansion and the mairfure, on which a high degree of disorder should be superim-
tained connectivity. Furthermore, the experimental dsge  Posed(e.g., the results from the RMC simulation show that
Secs. IV A and IV G exclude any explanation of the FSDP most of the Ad" ions crosslink between more than two
in terms of Agl clusters, because such clusters would havBO, units).
given rise to an enormously intense prepeak in the x-ray Letus now turn to the doped glass and focus on the struc-
structure factor and an increasing intensity of the FSDP witHural effects of introducing the dopant ions. We note that the
increasing Ag scattering length. This conclusion for the Agl-results for the(Agl) o ¢(Ag,0-2B,03)( 4 glass showed that
doped glass is also in agreement with the results obtainedhost of the Ag™ are coordinated to both™lions and BQ.
from the RMC simulation(see Secs. VC1 and VQ,2 units and that the FSDP at about 0.8 Ais a “new” peak
which showed that it is mainly the partial structure factorsin the sense that it is not the FSDP of the undoped glass that
See(Q), See(Q), andSyo(Q) that contribute to the experi- has been shifted to a low€) value in the doped glagsee
mentally observed FSDP at about 0.8 & Thus, the results Fig. 1). Instead, it is obvious that the introduced dopant ions
indicate that the silver and iodine ions simply fill up the increases the intensity of a new FSDP, without changing its
voids within the BO network without forming any Agl clus- position (although the peak is not observable for the lowest
ters of significant sizes. This is supported by the "an-salt concentrations Thus, the experimental results indicate
tiphase” behavior of the salt-network partial structure factorsthat a characteristic mean distance of about 8-9 A
in the Q region of the experimental FSDBee Fig. T)]. (=27/Q,) develops continuously in the structure with in-
Most of the above-mentioned results concerning thecreasing dopant concentration. The reason for this is likely to
intermediate-range order are, in fact, directly visible in thebe that the silver and iodine ions participate in the crosslink-
structures. In Figs. @) and 9a) it is seen that the BO net- ing between neighboring chain segments, forming local B-O-
work is formed into a “double-chain” structure similar to Ag-l-Ag-O-B ordering similar to what has been suggested by
the diborate chains in crystalline borate phases, as was praicheri et al*> The formation of such bridges should then
posed by Cervinkat al®® In the doped glass the introduc- push the diboratelike “double chains” apart and increase the
tion of the silver and iodine ions cause an increased separglistance between two neighboring segments to a mean dis-
tion of the chain segments. The origin of the FSDP is clearlytance corresponding to the position of the new FSDP, i.e.,
visible in the structure as an interchain ordering betweembout 8—9 Alsee Fig. @a)]. For the highest doped glass it is
neighboring chain segments. It is seen in Figh) &nd 9b)  probable that almost all the O-Ag-O bridges, present in the
that the silver and iodine ions are relatively homogeneouslyindoped glass, have been modified to O-Ag-I-Ag-O bridges,
distributed. Thus, the combination of Figs(@@and 9b)  where, at average, every Agion coordinate to 1.5 oxygens
gives a picture where the borate chains run through a relaand 1.5 iodine iongsee Fig. 11 The above given structural
tively homogeneous distribution of Agand I~ ions. The  *“picture” also helps to explain why the silver and iodine
space between the borate chains seems to form pathwaiens form crystalline Agl for higher dopant concentrations,
which are likely to be favorable for diffusion of Agions. since even longer bridges would then be too weak to keep
In this section we would also like to conclude by giving segments of the boron-oxygen network together. The excess
structural “pictures” of the results obtained from the diffrac- Agl that is not introduced in crosslinks will then not be sol-
tion experiments and the RMC simulations of thevated in the boron-oxygen structure and will instead crystal-
Ag,0-2B,0; and(Agl) g ((Ag,0-2B,03)q 4 glasses. Let us lize.
begin with the undoped glass, where the results indicated It is not established if the presence of well-pronounced
that the silver ions of the AgD-2B,05 glass are coordi- diffusion pathways in the glass network is an essential struc-
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tural feature for high ionic conductivity, although Figi@® number densitie.e., larger free volumesand the presence
shows that the space between the borate chains constitubé relatively short Ag-Ag distances in the glasses may be of
clearly observable pathways for ion migration in the dopedmportance, since they would both facilitate jump processes
borate glass. However, similar pathways have also_beesf silver ions along the found pathways. The increasing con-
found in highly conducting Agl-doped phosphate glasses, ductivity for increasing dopant concentration may partly be
which together with the present observations indicate thaéxplained by the dopant ion-induced widening of the path-
their presence may be favorable for ionic conduction. Thisyays. The expansion of these pathways is likely to cause the
would then support the diffusion pathway modét'®and  experimentally observed decrease in activation energy for
the ideas of Tuller and Butto%{ i.e., that the ions of the ion migration,Ea: Eb+ ES! since the strain terrES is di-
dopant salt expands the network and gives rise to a morgectly related to the size of existing doorways. It is also pos-
open structure suitable for ion conduction. It is evident fromsip|e that the electrostatic binding teily for the silver ions

several independent aspects of the structural results Obtain%(:reases due to the reduced interaction with oxygens when
that the suggested cluster model for ion conducfiolfcan  the |~ ions are introduced.

be immediately rejectedsee Secs. IVA, IVC, VC1,

V C 2). Some of the observed differences between the glass

structures _and the Corresp_ondmg_ crystalline structures may ACKNOWLEDGMENT
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