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Systematic neutron-diffraction experiments have been performed on metal oxide modified borate
glasses, xM,0-2B,0; with M =Ag,Li,Na, in order to investigate the short- and intermediate-range
structure. The short-range order of the boron-oxygen network, involving the first B-O, B-B, and O-O in-
teratomic distances, is found to be almost identical for the silver, lithium, and sodium borates of the
same modifier concentration. A detailed analysis of the first peak in the atomic pair correlation function
reveals two different B-O nearest-neighbor distances, 1.37 and 1.47 )’x, which are attributed to BO; and
BO, groups, respectively. The relative abundance of three and four coordinated borons are determined
for variations of the metal oxide content and found to be in accordance with reported nuclear magnetic
resonance results. The low momentum transfer (Q) range of the structure factors of the various metal-
oxide modified glasses are significantly different, which indicates differences in the structural organiza-
tion on an intermediate length-scale 5-15 A. For Ag,0 and Na,O modifications considerably longer
range correlations are observed as compared with pure vitreous B,O;. In contrast, in the case of Li,O
modification no dramatic change of the intermediate-range order is observed. The different behavior is
due to differences in the relative topological arrangements of the various borate groups formed, which in
turn appears to be related to the size and degree of covalency of the cation and hence to its ability to
form bridges between segments of the BO network.
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I. INTRODUCTION

The nature and extent of atomic ordering in simple
amorphous solids have attracted considerable interest
which has accelerated recently. This is partly because of
an increase in the technological use of glasses in various
applications ranging from photosensitive semiconducting
thin films to highly ionically conducting materials for ap-
plications in solid-state batteries. It is also part of a gen-
eral increasing interest in the fundamental properties of
disordered materials. Most simple diatomic glasses such
as SiO,, B,0;, and P,05 can be considered as isotropic
and homogeneous on length scales longer than a few tens
of angstroms. However, it is well established that there is
a considerable ordering on a scale of the few nearest-
neighbor interatomic distances. A famous model for the
structures of oxide glasses was early described by Za-
chariasen! and Warren et al.> They proposed a continu-
ous random network model in which the glass structure
is built up by simple well-defined molecularlike units
(e.g., SiO, tetrahedra, BO; triangles) connected together
in a random manner through a distribution of dihedral
angles. In this model there is no specific ordering beyond
the next-nearest neighbors. However, various structural
investigations show the presence of a sharp diffraction
peak at low momentum transfer Q [the so-called first
sharp diffraction peak (FSDP)], which has been interpret-
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ed to indicate various kinds of ordering on an intermedi-
ate length scale 5-20 A.37% The origin of the FSDP and
the corresponding structural ordering and related proper-
ties are presently subjects of considerable debate.”> ™%
Krogh-Moe’ proposed a structural model specific for
xM,0-B,0; glasses in which the network is built up by
various structural units that occur in the corresponding
crystalline compounds, such as boroxol, tetraborate, and
diborate groups. Some of the main features of the
Krogh-Moe model for borate glasses are supported by
nuclear magnetic resonance'” 1> (NMR), Raman,'®!
and infrared experiments.!l!%!7 The experiments show
that addition of metal oxide to B,0; causes a progressive
increase of the number of four-coordinated borons at the
expense of three-coordinated ones, changes of the net-
work structures with new types of borate structural
groups being formed, and that the metal ions do not par-
ticipate in the network formation. The coordinations of
the metal ions have been investigated by x-ray
diffraction'®!® and  extended x-ray absorption
(EXAFS).2%2! It was shown that the metal ions mainly
coordinate to the negatively charged BO, groups. How-
ever, it is not clear whether the cations (and the BO,
groups) tend to cluster into thin pathways suitable for ion
diffusion or if they are homogeneously dispersed
throughout the glass structure. This problem has been
addressed in silicate glasses by computer-simulation tech-
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niques? and experimentally by EXAFS (Ref. 23) and
neutron diffraction using isotope substitutions.?*

An increasing interest has during recent years been fo-
cused on the mechanism of fast ion conductivity in
glasses.>>26  Most - existing models relate the ionic
diffusion to some specific structural arrangements, e.g.,
an open network,'”?” clustering,?®?° conducting path-
ways,>® etc. The relatively few experimental studies of
the microscopic structures reported so far have concen-
trated on the local structure, whereas there is a lack of in-
vestigations that concern the intermediate-range struc-
ture, which involves some of the structural elements of
interest in the proposed models. It is the aim of the
present neutron-diffraction study to elucidate the
structural changes induced by increasing modifier con-
tent x, both on the local and the intermediate-range
scales, in three binary glass systems xM,0-B,0;, where
M =Ag, Li, Na, respectively. Glasses of these systems
exhibit room-temperature ionic conductivities up to 10~’
Scm™! and are therefore of interest as solid electrolytes
in solid-state electrochemical devices. Such glasses are
also used as host matrices for further dopings with
metal-halide salts to achieve dramatically higher conduc-
tivities (up to 1072 Scm™!). The present study will then
also serve as a basis for further structural studies of the
corresponding metal-halide-doped ternary glasses.

The present investigation shows that the short-range
boron-oxygen structures are almost identical for the three
systems. However, the local coordination of the cations
as well as the intermediate-range structural ordering are
significantly different for Ag,0, Li,0, and Na,O modified
borate glasses.

II. DIFFRACTION NOTATION

We will use the following notation for the scattered
neutron intensity from glasses and for the corresponding
real-space functions. The quantity measured in a
neutron-diffraction experiment is the differential scatter-
ing cross section I(Q), where Q is the momentum
transfer. The differential scattering cross section I(Q)
can also be expressed as a sum of two terms:>!

no;
HQ)=Is+Ip=Ty

>4 [1+P;(Q,0)]

1 ®© .
+ 0 fo D(r)sin(Qr)dr , (1)

where the first term is known as the self-scattering and
the second term is known as the distinct scattering. It is
the latter which carries information on the interatomic
correlations. The summation is taken over the different
elements in. the sample, n; is the number of i atoms in the
scattering unit, and o7 is the total bound atom scattering
cross-section for element i, D (r) is the neutron-weighted
reduced pair distribution function, and P;(Q,0)
represents inelastic scattering events and is known as the
Placzek correction term.>! The static structure factor
S'(Q) is the normalized form of the differential scattering
cross section I (Q), i.e.,

S(Q)=I(Q)/I; . 2)
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D (r) is obtained by Fourier transformation of the distinct
scattering;

_2 (= .
D(r)== [ “QI5(Q)sin(rQ)dQ . (3)

D(r) can also be written as the neutron-weighted (.e.,
dependent upon the scattering lengths of the constituent
atoms) sum of the reduced partial radial distribution
functions d;;(r);

D(r)=3 n;b;b;d;(r) , 4)
hj
where b; is the coherent scattering length for element i.

The more commonly used total atomic pair correlation
function G (r) is obtained from D (r) through

G(r)=D(r)/4mpr [2 n;b; ]2+1 , (5)
where p is the atomic number density.

Let us here also define the total correlation function
T (r) and the radial distribution function J (7):

T (r)=4mwprG(r) (6)
and

J(r)=rT(r), )
respectively.

III. EXPERIMENTAL DETAILS

Glasses with compositions xM,0-B,0; (M =Ag, Li,
Na), with x =0.125, 0.25, 0.5 (only x =0.5 for M =Na),
were prepared using a conventional melt-quenching
method according to procedures described previous-
ly.>3 For the 0.5M,0-B,0; composition an additional
sample was prepared with appropriate combination of °Li
and 'Li to give the zero scattering length of Li. In all
samples boron was isotopically enriched in !'B (99%) in
order to minimize the influence of the high neutron ab-
sorption of !°B present in natural boron. The samples,
which were in shapes of cylindrical rods with a diameter
of 9 mm and a length of 50 mm, were mounted in thin-
walled vanadium containers. The neutron-diffraction ex-
periments were performed on the time-of-flight Liquid
and Amorphous Materials Diffractometer (LAD) at the
pulsed neutron source ISIS, Rutherford Appleton Labo-
ratory. The diffractometer has been described in detail
elsewhere.>* Time-of-flight spectra were recorded sepa-
rately for each group of detectors at the angles 150°, 90°,
58°, 35° 20° 10°% and 5° and also for monitors in the in-
cident and transmitted beams, respectively.

The data of each detector group were corrected sepa-
rately for background and container scattering, absorp-
tion, multiple scattering, and inelasticity effects and nor-
malized against the scattering of a vanadium rod follow-
ing the procedure in Ref. 35. The absorption correction
required some caution because of the high absorption
cross section (about 3X 1072 c¢m? for a neutron wave-
length of 1.8 A). It was checked in three ways. First, the
absorption and scattering cross sections were calculated
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from the measured wavelength dependence of the frac-
tion of neutrons transmitted by the sample, using the
monitors for the incident and transmitted beams. The
values for the scattering and absorption cross sections
were found to be close to those expected from tabulated
values for the combination of elements of the respective
compositions. Using the values obtained in the correc-
tion procedure, we checked the results in two ways: (i) It
was verified that the high-Q part of the structure factor
was oscillating around a constant level and (ii) I, (Q) was
Fourier transformed to D(r), the spurious peaks were
deleted below the first peak, and then D (r) was Fourier
transformed back again to obtain I,(Q). The back-
transformed I,(Q) was in excellent agreement with the
original I,(Q) (in fact, almost indistinguishable) for all
the samples, which showed that appropriate absorption
cross-section corrections had been applied.

The corrected individual data sets obtained at each an-
gle were then combined to obtain a large Q range and to
improve the statistics. For each data set we only used the
Q range that agreed with other data sets in the overlap-
ping Q region. For the samples containing silver, we ex-
cluded data obtained for neutron wavelengths <0.2 A,
because of a nuclear resonance absorption of 19Ag™ jons
at 0.13 A.

The final data set of each sample was Fourier
transformed to obtain the total neutron-weighted reduced
radial distribution function D (r) or the pair correlation
function G (7). In order to reduce termination ripples in
the correlation function caused by truncation at a finite
maximum Q, Q,.., we multiplied the integrand in Eq. (3)
with a modification function M (Q):

sin(QAr)
_QAr for Q <Qpax >

0 for Q>0 . >

M(Q)= @®)

wheie Ar=7/Q pax-

The effect of the modification function is to greatly
reduce termination ripples, although at the expense of
some reduced real-space resolution. Fourier transforma-
tion of M (Q) produces a peak function with a full width
at half maximum (FWHM) of 5.437/Q,,.,, which should
be compared to the FWHM of 3.8/Q,.., produced by
Fourier transformation of a step function cutting off at

Q :Qmax'

IV. RESULTS

In Fig. 1 we present the total structure factors for
xAg,0-B,0;, xLi,0-B,0;, and 0.5Na,0-B,0; for
x =0.125, 0.25, and 0.5 (only x =0.5 for the Na system)
glasses determined in the present study together with the
structure factor for pure vitreous B,0; reported by
Johnson ez al.’® Note that the oscillations in S(Q) per-
sist to Q values larger than 25 A ! (in fact, they are dis-
cernible up to 40 A ') for all the investigated samples.
Oscillations in the high-Q part are dominated by short-
range correlations, which in the present case indicates
that the investigated glasses have well-defined short-range
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order within molecularlike structural units of the net-
work. Similar results are found for most network
glasses.’” As shown in Fig. 1, the structure factors for all
the investigated Ag,0, Li2°0, and Na,O modified glasses
are very similar for @ >5 A ~!. Thus the short-range or-
der of the BO network does not change dramatically with
increasing M, O content or with change of cation.

The low Q range (<5 A 1) of S(Q), which is related
to correlations beyond the first-nearest-neighbor distance,
is almost identical for pure B,O; and for the lithium
borate glasses even for high concentrations of Li,O [see
Fig. 1(b)]. In contrast, in the case of Ag,O modification
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FIG. 1. Structure factors for (a) xAg,0-B,0O; and (b)
0.5Na,0-B,0; and xLi,O-B,0; glasses. The results for pure
B,0; are from Ref. 36. The curves have been shifted vertically,
in subsequent steps of 1, for clarity.
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large changes occur in the low Q range for increasing
Ag,0 content [see Fig. 1(a)]. With addition of Ag,O the
large first sharp diffraction peak (FSDP) at 1.61 A ~! for
B,0; decreases in amplitude and splits into several small-
er peaks in the range between 1.3 and 3.5 A~ The
sharp peak at 1.32 A ~! for the x =0.5 (Ag) glass shows
the presence of significant correlations on length scales
considerably longer than for B,0;. Also, Na,O
modification causes a shift of the FSDP to lower Q values
[1.35 A 7! for x =0.5; see Fig. 1(b)], indicating an in-
creased correlation length. It should be noted that the
scattering of neutrons for all the glasses studied here is
dominated by the boron-oxygen network. Thus it is the
intermediate-range order of the boron-oxygen network,
i.e., the relative arrangement of the BO;/BO, groups,
that changes substantially for the cases of Ag,O and
Na,O modifications, whereas the intermediate-range or-
dering of the B-O network is little affected for the Li,O
borate glasses. In Table I the positions Q, and widths
DQ, of the FSDP of the investigated glasses are summa-
rized.

Let us now consider real-space information about the
structure of the Ag,0, Na,0, and Li,O modified glasses.
The atomic pair correlation functions G (r), obtained by
Fourier transformation of the respective structure fac-
tors, are shown in Fig. 2. First we focus on the short-
range order, which is determined by the range r <3 A.
The first peak in G (r), which is located at about 1.4 A for
all the investigated glasses, is attributed to the nearest-
neighbor B-0 distance, and the second peak to B-B and
O-O nearest-neighbor distances and possibly also to
nearest M-O distances from comparison with the corre-
sponding crystalline structures.3®~*! The positions of the
peak maxima for the different glasses are given in Table
II. As seen in the table, the first two peaks move only to
slightly higher r values with increasing modifier content;
i.e., the distances within short-range order are not much
aﬁ'ected by Li,0, Na,0O, or Ag,0 modifications. A slight
broademng of the second peak at about 2.4 A is observed
in the case of Ag,0 and Na,O modifications (see below).

In Figs. 3(a) and 3(b) we show the correlation function

TABLE 1. Peak positions and double half width values at
half maximum (2 HWHM) for the first peak (FSDP) in the
structure factors of the xAg,0-B,0; xLi,O-B,0; and
0.5Na,0B,-0; glasses. The half width values were measured at
the low-Q side of the FSDP’s.

2 HWHM

Glass composition 0, (A™YH AQ; (A1)
B,0, 1.61 0.59
xLi,0-B,0, x =0.125 1.60 0.58
x =0.25 1.56 0.54
x =0.50 1.53 0.49
xAg,0-B;0, x =0.125 171 0.96
x =0.25 1.35 0.46
x =0.50 1.32 0.45
0.5Na,0-B,0; 1.35 0.52
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T (r) expanded in the range of the first peak for the Ag,0
and Li,O modified glasses, respectively. While the first
peak for B,O; can be well fitted by a Gaussian, the fit be-
comes worse with increasing M,0 content. This is due to

- the fact that the peak gradually becomes more asym-

metric at higher M,0 contents, as seen in Figs. 3(a) and
3(b). We have, therefore, tried to fit two Gaussian peaks
to the data. Excellent agreement is found for all compo-
sitions. This is perhaps not surprising in view of the ad-
ditional fitting parameters. However, it is reassuring that
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FIG. 2. Total atomic pair correlations functions G (r) for (a)
xAg,0-B,0; and (b) 0.5Na,0-B,0; and xLi,0O-B,0; glasses.
The results for B,0; are from Ref. 36. The curves have been
shifted vertically for clarity.
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TABLE II. Peak positions in the pair correlation functions G (r) and coordination numbers Ng.o
calculated from the Gaussian fits of the first peak in T'(r) (see Fig. 3). The first peak position corre-
sponds to the B-O distance, the second to mainly the O-O and B-B distances, the third to mainly the
second B-O distance, and the fourth to mainly the third B-O distance.

Glass composition r (A) r, (A) ry (A) r4 (A) Nzo

B,0; 1.367 2.381 2.793 3.620 2.97
xLi,0-B,03 x =0.125 1.378 2.395 2.840 3.635 3.03
x =0.25 1.387 2.405 2.850 3.635 3.15

x =0.50 1.398 2.410 2.880 3.685 3.48

xAg,0-B,0, x =0.125 1.382 2.395 2.780 3.630 3.10
x =0.25 1.390 2.390 2.930 3.630 3.34

x =0.50 1.405 2.410 3.675 3.64

0.5Na,0-B,0; 1.395 2.405 2.850 3.640 3.55
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FIG. 3. Radial correlation functions T'(r)=4wpG (r), for (a)
xAg,0-B,0; and (b) xLi,0-B,0; glasses. Solid curves represent
fits of two Gaussians peaks. Dashed curves represent the indivi-
dual Gaussians resulting from the fit. The curves have been
shifted vertically for clarity. The low-r peak corresponds to the
B-O distance in the BOj; units (1.37 A), and the high-r peak cor-
responds to the B-O distance in the BO, units (147 A). The
coordination number Ng_g (see Table II) and the fraction of BO,
units (see Fig. 4) are calculated from the fit.
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in all fits one of the peaks occurs at 1.37+0.01 A, i.e., the
B-O distance of pure B,0;, and that the width of this
peak is indistinguishable from that of the resolution func-
tion. The first peak progressively decreases in intensity
for 1ncreasmg M,0 content, and the other peak at
1.47+0.02 A increases simultaneously in intensity. It has
previously been shown that the additional oxygens, intro-
duced with the M,0 modifications of the network, locally
change the coordination of the boron atoms from 3 to
419713 1t is expected that the B-O distances of the
formed BO, groups are slightly larger than those of the
BO; groups due to the larger coordmatlon Thus we at-
tribute the peak at about 1.37 A to B-O correlations in-
volving three-coordinated borons and the peak around
1.47 A to correlations involving four-coordinated borons.
Indeed, for the corresponding crystalline phases, the
four-coordinated borons are surrounded by oxygens at
several distances close to 1.47 A.37#! Thus the two dis-
tances observed here are almost identical to those of the
corresponding BO; to BO, groups in the crystalline com-
pounds.’®™*! To our knowledge this is the first time two
different B-O nearest-neighbor distances have been ob-
served in a borate glass. This was possible due to the
high real-space resolution resulting from the wide
momentum transfer range of the measured structure fac-
tors.

The relative intensity change of the two peaks with in-
creasing M,0O content is consistent with a progressively
increasing transformation of BO; to BO, groups. This
has previously been proposed from NMR,'"!3> Raman-
scattering,l“’15 and infrared experiments”’m’17 and chem-
ical considerations. The mean B-O coordination numbers
calculated from the sum of the two peaks areas [in
J(r)=rT(r)] are given in Table II. From the relative
peak areas of the BO; and BO, peaks [see Figs. 3(a) and
3(b)], we can calculate the fraction of four-coordinated
borons according to Npo, = Apo, /( Apo, + Apo, ), Where

A is the area in J (r) weighted by the respective neutron-
scattering lengths. The results for the three compositions
of Ag,0 and Li,O modifications are shown in Fig. 4. As
seen in the figure, the fraction of BO, units increases with
increasing M,O content. The results are almost identical
for the Ag,O and Li,O modifications. Excellent agree-
ment is found between our neutron results and reported
NMR results!®™!3 (see Fig. 4) and with the fraction ex-
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FIG. 4. Fraction of BO, units as a function of the network
modifier concentration x: (@) xLi,0-B,0; and (A) xAg,O-
B,0;. The solid line represents the number of BO, units with
the assumption that every added oxygen produce one new BO,
unit, and the dotted line shows a fit to NMR data obtained in
Ref. 10.

pected from the assumption that one added oxygen atom
coordinates to two borons. This lends support to the
used fitting procedure of the first peak in 7'(7).

A special property of the "Li (and thereby also of natu-
ral Li) is the negative neutron-scattering length. In the
pair correlation function, which is proportional to b;b;
for a given atomic pair ij, the correlations between Li and
a nucleus with a positive scattering length thus result in
negative peaks in G (r). A negative peak is clearly ob-
served in the G(r) for the xLi,O-B,O; glasses at
2.0+0.05 A for all the samples; see Fig. 2(b). The intensi-
ty of the negative peak grows with increasing x as expect-
ed. It corresponds most likely to Li-O correlations, since
Li% is expected to coordinate to the oxygens of the nega-
tively charged BO, units. An approximate value of the
average Li-O coordination number Ny, o is estimated
from the area of the negative peak in J(r) to be about
4.21+0.5 for all the three samples.

By mixing appropriate amounts of ®Li and Li, it is
possible to obtain a sample with zero scattering from
lithium Li®. This is useful since the difference between
the radial distribution functions of a Li° sample and a
sample with natural lithium Li” contains only the partial
radial distribution functions involving Li, i.e., in this case
Li-O, Li-B, and Li-Li, provided that the first B-O peak is
scaled to the same area. We have investigated one such
sample with x =0.5. The resulting difference in J (r) be-
tween the Li® and Li" samples by the first B-O peak area
is shown in Fig. 5. The scaling is performed because the
relative scattering cross section of the B-O correlations to
the total J (#) are different for the two samples. The peak
of the nearest Li-O distance (which now has turned posi-
tive because of the subtraction) is again evident in the
difference function. The Li-O coordination number Ny; o
is estimated from the area of the peak (integrated in the
range 1.65-2.3 A) to be about 4.1£0.5, in accordance
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with the determination directly from J (7). There are two
additional peaks which are readily discernible at 3.0+0.1
and 4.0+0.1 A. They are attributed to predominantly in-
volve the nearest Li-B and Li-Li distances, respectively,
in accordance with the crystalline structure.

We note that the short-range order is almost identical
for the Li,O, Ag,0, and Na,O glasses. This encourages
us to apply the same procedure to the 0.5Ag,0-B,0; and
0.5Na,0-B,0; samples, however, using the Li° sample as
the sample of null scattering from the cation. To reduce
the B-B, B-O, and O-O correlations in the difference
function, the first B-O peaks in J(r) of the two samples
were scaled to the same area. This should give reason-
able estimates of the short-range M-O, M-B, and M-M
correlations. In Fig. 5 we have also shown the difference
in J(r) between the 0.5Ag,0-B,0; and 0.5Na,0-B,0;
samples, respectively, and the correspondingly scaled Li°
sample. Three peaks can be distinguished in the two
differenceo curves located at 2.4+0.1 3.2%+0.1, and
4.5+0.1 A for the Ag,0 modified glass and at 2.3%0.1,
3.410.1, and 4.61+0.1 A for the Na,O modified glass. In
analogy with the case of the lithium borate glass, we at-
tribute the peaks to the first M-O, M-B, and M-M shells,
respectively. The significance of the first peak in the
difference function has to be carefully checked since it
coincides with the second peak in the total J(#) for both
the 0.5Ag,0-B,0; and 0.5Na,0-B,0; sample. It is then

20 ]rllllllllllll]lTll[l1lllllll‘i|llllll¥T
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FIG. 5. Difference functions obtained from the difference be-
tween following radial distributions functions J(r): 0.5Li,O-
B,0; glasses, one with a mixture of °Li and "Li to obtain zero
scattering from Li and one with natural Li, 0.5Ag,0-B,0; and
0.5Li,0-B,0; with Li(oc=0), and 0.5Na,0-B,0; and 0.5Li,O-
B,0; with Li(o=0). The first peak (B-O) in the radial distribu-
tion functions are scaled to the same area. The curves have
been shifted vertically, in subsequent steps of 5, for clarity.
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reassuring to note that from EXAFS (Refs. 20 and 21)
and x-ray-diffraction'®!® measurements the Ag-O and
Na-O distances were reported to be 2.3 and 2.4 A, respec-
tively. The mean coordination numbers N 5, and Ny,.0
are estimated to be about 3.7+0.5 and 6.0%0.5, respec-
tively. Both values are higher than the values of about
2.0 and 5.0, respectively, reported in Refs. 18—21. How-
ever, the latter results are based on x-ray experiments
which may give large systematic errors for the coordina-
tion numbers for covalent compounds containing light
atoms. It should be noted that in the present study the
coordination of Na is almost identical to that of the crys-
talline compound. Indeed, as seen in the figure, the Na-O
peak is highly asymmetric indicating a distorted polyhed-
ron like in the crystal structure. The x-ray study in Ref.
19 arrives at an almost identical asymmetry, although the
obtained total coordination number is smaller. The Ag-O
coordination is, on the other hand, significantly lower
than that of the corresponding crystalline compound.
This finding has its counterpart in a significantly lower
density for the silver modified glass ( ~10%) compared to
that of the corresponding crystalline phase. The
differences for the Li and the Na modified compounds are
smaller, which is then in accordance with the similar M-
O coordinations for the glass and crystal in these cases.
Next we turn to longer-range real-space correlatlons
In Fig. 6 we present data for D(r) in the range 3-16 A
to highlight intermediate-range correlations. It is notice-
able that for Li,O modification only small changes are
observed in D(r) compared with the curve for B,O;.
Significant peaks are observed at around 5 and 9 A In
contrast, for the Ag,0 and Na,O modified glasses D (r) is
substantially different from that of B,O; in the range
4-12 A. The oscillations in D () are almost completely
opposite to those of B,0;, and significant peaks are ob-
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FIG. 6. Reduced radial distribution functions D(r) for
0.5Na,0-B,0,, 0.5Ag,0-B,0,, and 0.5Li,0-B,0; (solid line)
compared to pure B,0; (dashed line). The results for B,O; are

calculated from Ref. 36. The upper curves have been shifted
vertically for clarity.
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served around 6 and 10.5 A. Thus the structural correla-
tions of the Ag,0 and Na,O modified glasses extend to
longer distances than those of pure B,O; and Li,O
modified glasses, in accordance with the observations in

S(Q).

V. DISCUSSION

Most of the results presented in this study for the
short-range ordering of metal-oxide modified borate
glasses are in general agreement with the ideas expressed
in the Krogh-Moe model;’ i.e., the glass structure is lo-
cally built up by the same structural units as in the corre-
sponding crystal. Although we cannot identify the vari-
ous borate groups from the neutron-diffraction data
alone, the local ordering of the boron-oxygen network as
well as the metal ion coordinations are very similar to
those of the corresponding crystals.

Comparing glasses with different metal-oxide
modifiers, we note that the short-range boron-oxygen or-
dering is almost identical. However, the cation coordina-
tion appears to be different for Ag*, Li*, and Na™. The
Li-O distance is considerably closer (2.0 A) than the Ag-
O (2.4 A) and Na-O (2.3 A) distances. Furthermore, the
coordination numbers are different, and the lithium and
silver ions are approximately four-coordinated to the ox-
ygens, whereas sodium has a considerably higher coordi-
nation number of 6. One would expect that the coordina-
tion number increases with increasing M-O distance, as it
does for the Na,O modified glass compared to the Li,O
modified glass, because of the increased space in the first-
coordination shell around the cation. Thus the lower
coordination number for the silver ion than for sodium
indicates a larger free volume around the silver ion. This
is probably due to a higher degree of covalency of the
silver ion than for the alkali ions.

It is of interest to investigate whether cations coordi-
nate between oxygens of the same negatively charged
BO, units as was proposed in Ref. 20 or if they have a
tendency to bridge between oxygens of different BO,
units. For a symmetrical coordination of the cation be-
tween two oxygens of the same BO, unit, the Ag-B, Na-
B, and Li-B distances are calculated to be 2.8, 2.7, and
2.3 A, respectively, from the obtained B-O and M-O dis-
tances. These distances are clearly considerably shorter
than those attributed to the M-B distances in the present
investigation (3.0, 3.4, and 3.2 A, respectively). It is to be
noted that the calculated distances fall into the minima
between the first two peaks of AJ(r), showing the low
probability of such a coordination. The x-ray-diffraction
results reported by Licheri et al.!® show similar results.
Therefore, we conclude that the cations do not, on aver-
age, coordinate to two oxygens of the same BO, unit, but
rather bridge between oxygens of different BO, groups.
This result is in contrast to an EXAFS investigation,?°
but in agreement with the structural model proposed in
Ref. 42.

Since the cations predominantly bridge between oxy-
gens of different BO, groups and the B-O network is
essentially identical for glasses with different modifier cat-
ions, the larger M-O distances for Nat and Ag* lead to
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lower number densities for these glasses than for the cor-
responding lithium glasses. This in turn has to affect the
intermediate-range distances, which is then expected to
show up as changes in the low Q range of the structure
factor, i.e., in the range of the FSDP. In this context it is
also worth to note that the longer-range correlations for
the Ag,0 and Na,O modified glasses have adequate
correspondence in lower network densities, and for the
highest Ag,0 and Na,O modified glasses the number
densities have decreased by about 20 compared to B,0;,
whereas the number density of the B-O network stays ap-
proximately constant for Li,O modification. Thus the in-
creasing intermediate-range ordering for the Ag,O and
Na,O modified glasses appears to be mainly due to an ex-
pansion of the boron-oxygen network caused by the in-
troduction to the metal oxide.

A simple model for the intermediate glasses and the
first sharp diffraction peak has been suggested by Moss
and Price.® It is based on the idea that molecularlike
units within the network are arranged according to a
dense random-packing scheme and that the orientation of
these structural units is uncorrelated with their relative
positions. The structural units considered are then typi-
cally cation-centered units such as SiO, tetrahedra for
SiO, and BO; triangles for B,0;. It was shown that such
a model produces a FSDP which is in good agreement
with experimental results for several network-forming
glasses.> A similar model for the 0.5Li,0-B,0; glass con-
sisting of randomly arranged BO; and BO, units has been
shown by Cervinka et al.*? to be in good agreement with
the experimental S (Q) and in particular with the FSDP.
In fact, the high-r part (above 3 A) of the reduced radial
distribution function D (r) follows closely the behavior of
a dense random-packing model of hard spheres with a di-
ameter equal to that of a BO, unit (=2.8 A). However,
for the x Ag,0-B,0; and 0.5Na,0-B,0; glasses, it is obvi-
ous that such a model fails to describe the highly distort-
ed low-Q parts of the experimental S(Q) and thus the
high-r part of D(r). Instead, a model based on longer-
range correlations between parallel diborate chain struc-
tures, similar to those observed in crystalline diborates,
was proposed for the 0.5Ag,0-B,0; glass and found to
reproduce the low-Q part of the structure factor rather
well.*? From the Ag,0O concentration dependence of the
splitting of the FSDP [see Fig. 1(a)], it is clear that such a
complicated structure develops with increasing Ag,O
content over the whole concentration range. The
difference between the Li,O and Ag,0 modified glasses is
likely to arise from the different ionic-covalent characters
of the lithium and silver ions. The silver ion has a much
larger electronegativity and thus a larger tendency to
form bonds with significant covalent character than the
Li™ ions.

We note that the FSDP in the highest Li,O modified
glass has a much higher intensity compared to those of
the correspondingly modified silver and sodium glasses.
Such a behavior was recently proposed from a void-based
model for the intermediate-range structure of AX, net-
work glasses.*>** In this model it is assumed that the
FSDP of covalent network glasses is a prepeak in the
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concentration-concentration partial structure factor
(Bhatia-Thornton formalism) due to chemical ordering of
interstitial voids around cation-centered ‘“clusters” in the
structure.** Thus, from this model, it is expected that the
intensity of the FSDP will change if voids are occupied
by extrinsic atoms. An extrinsic atom with positive
scattering length will reduce the contrast between the
cluster and the filled void and, therefore, reduce the in-
tensity of the FSDP, while an extrinsic atom with nega-
tive scattering length will have the opposite effect and in-
crease the intensity of the FSDP. Such a behavior was
shown for a molecular-dynamics-produced model for sili-
ca in which the voids were stuffed with various atoms.
Indeed, a similar effect is shown in Fig. 7 in which the
low-Q part of S(Q) is shown for two 0.5Li,O-B,0,
glasses, with natural lithium Li" (negative Li scattering
length) and with Li® (zero Li scattering length), respec-
tively. As seen in the figure, the FSDP of the Li” glass is
significantly stronger than for the Li° glass. Thus the
negative scattering of Li” enhances the intensity of the
FSDP in agreement with the model in Ref. 44. Note also
that the peak shifts slightly towards higher Q for the Li°
sample. Shifts of the FSDP have therefore to be inter-
preted with caution since they may be caused by both the
scattering lengths involved and the structural arrange-
ments.

It is of interest to try to relate the ionic conductivities
of the borate glasses to some kind of favorable structural
arrangement. It is then interesting to note that the con-
ductivities for the corresponding crystals are negligible.
As shown in this study, most of the local structural ar-
rangements of the borate glasses are strikingly similar to
those of the corresponding crystals.3®~#! Hence it is un-
likely that the much enhanced ionic conductivities of the
glasses compared to the corresponding crystals are due to
any specific local structural arrangement. Rather, the
significantly lower average number density leads to a
more open structure and the creation of voids and path-
ways within the structure in which the ionic diffusion can
take place. The density difference between the crystal
and glass is largest for the Ag,0 modified glasses, which
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FIG. 7. Low Q range of structure factors for 0.5Li,O-B,0;
glasses with natural Li (solid curve) and with a mixture °Li and
"Li to give zero scattering form lithium (dashed curve).
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also show the highest ionic conductivities.

In order to obtain a further insight into the structure
of the present glasses, some kind of structural modeling
would be desirable. Molecular-dynamics (MD) simula-
tions have already been performed on the Li and Ag di-
borate glasses* and compared to the neutron data for the
x =0.5 glasses presented here. However, it is generally
hard to find a good approximation of all the pair poten-
tials required for many component systems such as the
present glasses. An alternative route is to use the reverse
Monte Carlo (RMC) method,***’ which makes direct use
of the available experimental data without any assump-
tion of the potentials involved. It has recently been suc-
cessfully applied to other network and fast ion conduct-
ing glasses.** We are presently performing RMC simula-
tions on the glasses discussed in this paper, and the re-
sults will be presented in a forthcoming report.

VI. CONCLUSION

To summarize, the structures of Ag,O, Li,O, and
Na,O modified borate glasses have been investigated us-
ing pulsed neutron diffraction. The boron-oxygen net-
work structures of glasses with different cation modifiers
are very similar on the short-range scale, i.e., nearest-
neighbor and next-nearest-neighbor distances. A pro-
gressive change of the coordination of the boron atoms
from 3 to 4 is evident from the evolution of the average
coordination number and the splitting of the first B-O
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distances with increasing modifier content. However, the
intermediate-range structures, i.e., the relative arrange-
ment of the various molecularlike borate groups, are
different for Li,O, Na,O, and Ag,0 modified glasses, re-
spectively, with considerably longer-range correlations
observed for silver and sodium borate glasses. The cat-
ions coordinate to oxygens and form bridges between
neighboring B-O chain segments. The coordination num-
bers and cation-oxygen interatomic distances are different
for the differently modified glasses. The Li and Ag ions
are approximately four coordinated, and Na is six coordi-
nated. The first oxygen neighbor is considerably closer to
lithium than to silver and sodium. These differences
affect both the number densities of the glasses as well as
the intermediate correlations of the glass.

In conclusion, the data for the short-range order of the
investigated metal oxide borate glasses can well be de-
scribed using the Krogh-Moe model; i.e., the microscopic
structure of the glass is built up by similar structural ele-
ments as in the crystal. The disorder of the glass is then
introduced predominantly beyond the first few neighbor
distances, and here significant differences are observed for
the variously modified glasses.
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