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Structure of fast-ion-conducting lithium and sodium borate glasses by neutron diffraction
and reverse Monte Carlo simulations
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The structures of fast-ion-conducting glasses~NaZ)x(Na2O-2B2O3!12x and (LiZ)x(Li 2O-2B2O3!12x (Z
5Cl,Br! have been examined by neutron diffraction and reverse Monte Carlo~RMC! simulations. The short-
range structure of the boron-oxygen network is almost unchanged for increasing dopant salt concentration and
independent of the dopant salt, whereas the intermediate range order of the B-O network decreases signifi-
cantly for increasing dopant salt concentration. The sodium borate glasses are generally slightly more ordered
than the corresponding lithium borate glasses. The differences may be explained by the fact that the Li-borate
glasses consist of a disordered random mixture of many different types of borate configurations, while the
Na-borate glasses are built up by randomly distributed diborate groups, as suggested previously from NMR
results. The RMC simulations of the highest LiCl- and NaCl-doped glasses show, however, that large density
fluctuations are present within the boron-oxygen network. The voids are of widely different sizes and geo-
metrical shapes. The present findings show that the intermediate-range order of the LiCl- and NaCl-doped
glasses is significantly different from that recently reported for the corresponding AgI-doped glass. For the
latter the boron-oxygen network forms a more ordered chainlike structure with the salt ions cross linking
between the ‘‘chains.’’@S0163-1829~98!00822-4#
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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 various electrochemical
vices such as solid-state batteries, fuel cells, mem
devices, chemical sensors, and ‘‘smart windows.’’ Furth
more, they are of interest as model materials for investi
tions of diffusion in disordered systems. In some of t
glasses, the diffusion can be extraordinarily fast, compara
to that in liquid electrolytes, and occurs in an otherwise co
pletely frozen environment. Both for technical and fund
mental reasons it is of interest to try to understand the f
ion diffusion on the basis of the microscopic propertie
However, despite considerable experimental and theore
efforts, the conducting mechanism is not yet fu
understood.1 This is partly due to an incomplete knowledg
of the microscopic structure, especially on the intermed
length scale, i.e., 4–20 Å, where correlations between v
ous structural subunits may be important.

A particularly interesting class of fast-ion conductors
the metal-halide-doped oxide glasses. The best conduc
glasses may reach conductivities up to 1022 S/cm at room
temperature.2 Various spectroscopic techniques have in
cated that the introduced dopant ions occupy interstice
the glassy structure without seriously affecting the lo
structure of the host glass network.3–6

Several models, such as the weak electrolyte mode7–9

the random site model,10 the dynamic structure model,11–13

the diffusion pathway model,4,14,15 the cluster model,16–22

and the cluster-bypass model,23 have been proposed to ex
plain the high ionic conductivity, and most of them involv
570163-1829/98/57~21!/13514~13!/$15.00
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specific or indirect assumptions about the structure of
glass, in particular the cation environment. Given the vario
assumptions of the different models, it is of interest to see
better understanding of the structure of the fast-io
conducting glasses. In some previous papers we have in
tigated the structures of some of the highest conduc
glasses, e.g., AgI-doped borate, phosphate, molybdate,
tungstate glasses, using a combination of diffraction exp
ments and reverse Monte Carlo modeling.24–26 For these
glasses, considerable intermediate-range ordering was
dent from the presence of a sharp diffraction peak at lowQ,
which grows with increasing AgI content. For the netwo
forming borate and phosphate glasses, the ordering is
dominantly due to density fluctuations within the BO or P
network and in none of the molecular and network glas
correlations between the silver and iodine ions contrib
substantially to the first~sharp! diffraction peak~FSDP! in
the total structure factor. The silver ions were found to c
ordinate to both oxygens and iodine ions and for the netw
glasses, the Ag1 and I2 ions were located in clearly pro
nounced pathways within the glass network.

The AgI-doped glasses can be regarded as model ma
als for investigations of the conduction mechanism in am
phous ionic conductors because of their high conductiv
However, it is the lithium- and sodium-containing glass
that seem to be the most suitable materials for technolog
applications due to the much cheaper price and the hig
cell voltages in battery applications. Therefore, we have
dertaken a systematic structural study of lithium and sodiu
halide-doped borate glasses. The aim is to contribute to
understanding of the microscopic structure and its relation
the ionic conductivity. In particular, we would like to find
13 514 © 1998 The American Physical Society
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57 13 515STRUCTURE OF FAST-ION-CONDUCTING LITHIUM . . .
structural explanation for why the lithium and sodium bora
glasses have lower conductivities than the corresponding
ver borate glasses and hence, to discriminate structural
tures that are important for high ionic conductivity. Su
knowledge may be useful for optimizing amorphous ion
conductors for future applications.

We have chosen to study metal-halide-doped bo
glasses, because they have relatively high ionic conduc
ties, wide glass-forming composition range, are chem
stable, and readily form glasses. In this paper, we repor
structural investigations of (MZ)x(M2O-2B2O3)12x glasses
(x50 – 0.6), whereM5Li,Na and Z5Cl or Br, by using
neutron diffraction. In view of the assumptions of the stru
tural models above it is of particular interest to get a be
understanding of how the dopant ions are introduced.
have therefore used the method of isotopic variation of
and Cl to get a better determination of the local struct
around these ions. We have also performed reverse M
Carlo ~RMC! ~Refs. 27 and 28! simulations of the glasse
M2O-2B2O3 and MCl-M2O-2B2O3 (M5Li,Na! in order to
investigate changes in the intermediate-range structure s
they appear to play an important role in several models.
results will be compared with various structural models p
posed for ion-conducting glasses and will also as mentio
be compared with recent results for AgI-doped glasses.24–26

II. EXPERIMENTAL DETAILS

Glasses of compositions (LiCl)x-(Li 2O-2B2O3)12x (x
50 – 0.6), LiBr-Li2O-2B2O3, and (NaZ)x(Na2O-2B2O3)12x
(x50,0.5 andZ5Cl,Br! were prepared using melt quenc
ing according to procedures described previously.29,30 For
the LiCl-Li2O-2B2O3 composition two additional sample
were prepared, one with an appropriate combination of6Li
and 7Li to give zero neutron scattering length of Li and o
where chlorine was isotopically enriched in37Cl. In all
samples boron was isotopically enriched in11B ~99%! in
order to minimize the influence of the high neutron abso
tion of 10B present in natural boron. The samples, wh
were in shapes of cylindrical rod with a diameter of 9 m
and a length of 50 mm, were mounted in thin-walled van
dium containers. The neutron diffraction experiments w
performed on the time-of-flight Liquid and Amorphous M
terials Diffractometer at the pulsed neutron source ISIS,
therford Appleton Laboratory, UK. The diffractometer h
been described in detail elsewhere.31 Time-of-flight spectra
were recorded separately for each group of detectors a
angles 150°, 90°, 58°, 35°, 20°, 10°, and 5° and also
monitors in the incident and transmitted beam, respectiv

The data of each detector group were corrected separ
for background and container scattering, absorption, mult
scattering, and inelasticity effects and normalized against
scattering of a vanadium rod to obtain the structure fac
S(Q), following the procedure described in Ref. 32. T
absorption corrections required some caution because o
high absorption cross section~about 3310223 cm2 for a neu-
tron wavelength of 1.8 Å!. It was carefully checked in the
same manner as for the binary borates described in Ref
The corrected individual data sets obtained at each a
were then combined to obtain a wideQ range and to improve
the statistics. For each data set we only used theQ range that
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agreed with other data sets in the overlappingQ region.
The obtained structure factorS(Q) of each sample was

Fourier transformed to obtain the total neutron weigh
pair-correlation function

G~r !5

(
i 51

n

cibi
2

2p2r0S (
i 51

N

cibi D 2 E
0

`

Q@S~Q!21#sin~Qr !dQ11,

~1!

wherer0 is the average number density, andci andbi are the
concentration and neutron-scattering length of atomi , re-
spectively. The totalG(r ) can be expressed as a neutr
weighted~i.e., dependent upon the scattering lengths of
constituent atoms! sum of the partial pair-correlation func
tions gi j (r ) according to

G~r !5

(
i , j 51

n

cicj^bi&^bj&gi j ~r !

S (
i 51

n

cibi D 2 . ~2!

Before the Fourier transformations were done the str
ture factors were truncated atQmax530 Å21 in order to avoid
small systematic errors of the high-Q data. Termination
ripples in the correlation function caused by the Four
transformation and this truncation were reduced by multip
ing the integrand in Eq.~1! with the Lorch modification
function,34 although this is at the expense of a somew
reduced real-space resolution.

III. EXPERIMENTAL RESULTS

A. Lithium borate glasses

The structure factorsS(Q) of the investigated fast-ion
conducting glasses are shown in Figs. 1–3. Some of the
sults have appeared in previous preliminary reports.5,6 Figure
1 shows the structure factors of the glass syst

FIG. 1. Structure factorsS(Q) of (LiCl) x(Li 2O-2B2O3)12x (x
50 – 0.6). The upper curves have been shifted vertically for clar
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13 516 57J. SWENSON, L. BO¨ RJESSON, AND W. S. HOWELLS
(LiCl) x(Li 2O-2B2O3)12x (x50 – 0.6). It is there evident tha
all glasses show almost identical results for the highQ
range, indicating very similar short-range structures, a
only small differences in the low-Q region. It is worth no-
ticing that the predominant part~about 60% or more! of the
scattering of the present glasses is from the B-O netw
The insensitivity of the high-Q range to metal-halide dopin
supports previous Raman and neutron diffraction results4–6

which indicate that the halide salt does not affect the sh
range order of the host boron-oxygen network. In the lowQ
region, the FSDP broadens and shifts continuously to hig
Q values with increasing dopant salt concentrationx. For x
50, the peak position is at 1.53 Å21 and for x50.6, the
position of the FSDP has shifted to 1.87 Å21, indicating that
density fluctuations occur on shorter length scales. Thi
interesting because the behavior is completely opposit
that observed for AgI-doped borate glasses,6,25 for which a
new peak appears around 0.8 Å21 and grows with increasing
AgI content.

FIG. 2. ~a! Structure factorsS(Q) of LiBr-Li 2O-2B2O3 and
LiCl-Li 2O-2B2O3, one with a mixture of6Li and 7Li to give zero
scattering length of Li and one with37Cl enriched chlorine. The
structure factors have been compared withS(Q) of LiCl-
Li 2O-2B2O3 containing natural Li and Cl~dashed lines!. ~b! shows
the pair-correlation functionsG(r ) of Li 2O-2B2O3 and the same
glasses as were shown in~a!. The upper curves have been shifte
vertically for clarity.
d

k.

t-
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is
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Figure 2~a! shows two structure factors o
LiCl-Li 2O-2B2O3, one with a mixture of6Li and 7Li to give
zero scattering length of Li an one with37Cl enriched chlo-
rine, andS(Q) of LiBr-Li 2O-2B2O3. The structure factors
have been compared withS(Q) of LiCl-Li 2O-2B2O3 con-
taining natural Li and Cl~dashed lines!. Figure 2~b! shows
the atomic pair-correlation functionsG(r ) for Li2O-2B2O3
and the same glasses as were shown in Fig. 2~a!. Figure 2~a!
shows that the high-Q range is almost unaffected by th
changes of cation and anion, indicating that the high-Q-range
oscillations are dominated by well-defined distances wit
the boron-oxygen network~which do not change by the in
troduction of the dopant salt!. This can also be establishe
from the short-range real-space correlations shown in F
2~b!, where it is seen that the two first peaks inG(r ) occur at
the same position and with almost the same width for all
investigated glasses. Thus, the B-O network of all the inv
tigated glasses has a very similar short-range order. The
ferences are mainly seen on an intermediate length sca
the Q region below 4 Å21.

The largest change is observed for the37Cl sample in the
lowest Q region, which has a FSDP at a slightly lowerQ
value and a substantially higher intensity at the low-Q side
of the FSDP. However, most differences are relatively sm
The small differences between the LiCl- and LiBr-dop
glasses indicate that their structures are very similar. The
no obvious particular feature observed inS(Q) that can be

FIG. 3. ~a! Structure factorsS(Q) and ~b! pair-correlation
functions G(r ) of (NaCl)x(Na2O-2B2O3)12x (x50,0.5) and
NaBr-Na2O-2B2O3. The upper curves have been shifted vertica
for clarity.
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related to the correlations of the introduced salt ions. T
most interesting difference between the structure fac
shown in Fig. 2~a! is the change of the intensity atQ values
below the FSDP for different Li halides. The intensity i
creases with decreasing scattering length of the an
(b(nCl).b(Br).b(37Cl)), indicating that correlations within
the B-O network cause high scattering intensity below
Å21 and that the halides contribute negatively in this ran
of S(Q). However, we note that no anomalous low-Q peak,
similar to that observed for the highly AgI-doped bora
glasses,25 is produced. Rather, it is evident from Fig. 2~a!
that the intermediate-range density fluctuations
Li2O-2B2O3 decrease drastically with LiCl and LiBr doping

B. Sodium borate glass

In Figs. 3~a! and 3~b! the structure factors and pair corr
lation functions, respectively, of Na2O-2B2O3 and NaZ-
Na2O-2B2O3 (Z5Br,Cl! are shown. As for the lithium bo
rate glasses only minor changes in the high-Q range are ob-
served to occur on salt doping@see Fig. 3~a!#. The short-
range order of the B-O network is not only almost unaffec
of salt doping, it is also similar for lithium and sodium bora
glasses. The most obvious difference inG(r ) between those
glasses@see Figs. 2~b! and 3~b!# is seen for 1.7,r ,2.5 Å.
This is due to the fact that the nearest Li-O distance at ab
2.0 Å is significantly lower than the nearest Na-O distance
about 2.3 Å,33 and also due to the large difference in scatt
ing length between natural Li~negative scattering length du
to the high amount of7Li and Na ~positive scattering
length!. Correlations between Li and a nucleus with positi
scattering lengths result in negative peaks inG(r ) @see Eq.
~2!#. In the low-Q region, however, there are differences b
tween the lithium and sodium borate glasses@see Figs. 1 and
3~a!#. In the case of the sodium borate glasses, the positio
the FSDP is almost unchanged at about 1.35 Å21; however,
its intensity decreases dramatically for both NaCl and Na
doping. In addition, the NaBr-doped glass shows a w
shoulder at about 0.9 Å21.The origin of this shoulder is
probably similar to the increased intensity below theQ value
of the FSDP for the lithium-halide-doped glasses, as d
cussed above. Considering the length scale of the den
fluctuations, the doped Na-borate glasses show an interm
ate behavior compared to the LiCl- and AgI-doped bor
glasses.

C. Short-range order of LiCl-Li 2O-2B2O3

In Fig. 4 we show the difference in the pair-correlatio
function G(r ), DG(r ), between the Li (s50) and nLi
samples, and between thenCl and 37Cl samples, respec
tively. Before the subtractions were performed, the pa
correlation functions of the three samples were scaled by
area of the first B-O peak, because the relative scatte
cross sections of the B-O correlations to the totalG(r ) are
different. In this way, all the intra B-O network correlation
are canceled and the difference curves contain only corr
tions involving Li and Cl, respectively. Let us first consid
the Li correlations shown in Fig. 4~curve a), where
DG(r ) 50.0141GBLi ( r ) 1 0.0220GOLi ( r ) 2 0.0016GLiLi ( r )
10.0052GLiCl(r ). The peak from the nearest Li-O distan
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at 2.060.1 Å, which gave a negative contribution in Fig.
is again evident in theDG(r ), but now as a positive contri
bution because of the subtraction. There is another br
peak at 2.7560.1 Å, which we attribute to involve predomi
nantly the nearest Li-B and Li-Cl correlations, in accordan
with the structure of glassy33 and crystalline Li2O-2B2O3
~Refs. 35 and 36! and crystalline LiCl.37 Unfortunately, the
difference in scattering length between Li (s50) and the
nLi is too small to be able to estimate the nearest Li-
distance@which should produce a negative peak inDG(r )].
The difference curve ofnCl and 37Cl in Fig. 4 ~curve
b) is given by DG(r )50.0163GBCl(r )10.0255GOCl(r )
20.0038GLiCl(r )10.0037GClCl(r ). It shows a large broad
peak at about 3.660.1 Å and essentially no correlations b
low 2.5 Å. The broad peak probably contains several diff
ent nearest interatomic distances~Cl-O, Cl-B, and Cl-Cl!,
and it is therefore difficult to separate the various corre
tions involving Cl by this method. However, the broad fe
tureless peak indicates that none of the correlations are
ticularly well defined.

D. Short-range order of NaCl-Na2O-2B2O3

Figure 5 shows the difference inG(r ), DG(r ), between
the glasses NaCl-Na2O-2B2O3 and Na2O-2B2O3. The indi-
vidual G(r ) are scaled by the area of the first B-O peak. T
subtraction is performed with the assumption that the sh
range order of the BO network is essentially unaffected
the metal-halide doping. The difference curve

DG~r !50.0083GBNa~r !10.0222GBCl~r !10.0130GONa~r !

10.0346GOCl~r !10.0029GNaNa~r !

10.0093GNaCl~r !10.0041GClCl~r !

FIG. 4. Difference functionsDG(r ) obtained from the differ-
ence between the following pair-correlation functionsG(r ) of
LiCl-Li 2O-2B2O3 glasses with different isotope mixtures:~a! one
with a mixture of6Li and 7Li to obtain zero scattering from Li and
one with natural Li and~b! the difference between a sample wi
natural Cl and one where chlorine was isotopically enriched
37Cl. The first peak~B-O! in the pair-correlation functions is scale
to the same area. Curve~a! has been shifted vertically 0.4 for clar
ity.
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is not showing any correlations within the BO network if th
assumption is validated. Three main peaks can be cle
distinguished inDG(r ) located at 2.460.1, 3.160.1, and
4.060.1 Å, respectively. By comparison with data of oth
similar samples and also with x-ray diffraction results w
attribute the first peak to the first Na-O shell,33,38,39the sec-
ond peak to predominantly involve the nearest Na-B a
Na-Cl correlations, and the third peak at 4.060.1 Å is prob-
ably due to many different correlations involving Na and C
and perhaps also to differences in the BO-network orde
between the two samples. The small peak located at
60.1 Å may also be significant, since it coincides with t
second Na-O shell in crystalline Na2O-2B2O3 ~Ref. 40! and
glassy Na2O-2B2O3 ~Ref. 39! and also with the nearest Na-C
distance in crystalline NaCl.41

IV. STRUCTURAL MODELING

To obtain further insights into the structures it is desira
to perform some kind of modeling of the glass structur
Molecular dynamics~MD! simulations have already bee
performed on (LiCl)x(Li 2O-2B2O3)12x (x50,0.6) ~Ref. 42!
and compared to the neutron data presented here. The
simulations were able to reproduce the high-Q part of S(Q)
relatively well, but large deviations from the experimen
data were found in the low-Q region. The probable reaso
for these deviations is the difficulties to find accurate enou
approximations of all the included pair potentials to rep
duce both the short- and the intermediate-range order of s
chemically complicated systems as the present glasses
have taken an alternative route to create structural mode
the glasses by using the RMC method,27,28 which makes di-
rect use of the available experimental data without any
sumption of the potentials involved. It has recently been s
cessfully applied to other network and fast-ion-conduct

glasses.24,25,28 Here, we will present results from RMC
simulations on the glasses (LiCl)x(Li 2O-2B2O3)12x and
(NaCl)x(Na2O-2B2O3)12x (x50,0.5!.

FIG. 5. Difference functionDG(r ) obtained from the difference
between the pair-correlation functionsG(r ) of the glasses
NaCl-Na2O-2B2O3 and Na2O-2B2O3. The first peak~B-O! in the
pair-correlation functions is scaled to the same area.
rly
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A. The reverse Monte Carlo method

The RMC method is based on the Metropolis Mon
Carlo algorithm~Ref. 43! ~Markov chain, periodic boundary
conditions, etc.!, but instead of minimizing the energy, on
minimizes the squared difference between the experime
structure factor and the structure factor calculated from
computer configuration. The structure of this computer c
figuration is modified by moving the atoms randomly un
the calculated structure factor agrees with the experime
data within the experimental errors. Moves are only accep
if they are in accordance with certain constraints, e.g., clo
atom-atom distances~see below!. In this way, the RMC
method produces three-dimensional models of disorde
materials that agree quantitatively with the available diffra
tion data~provided that the data do not contain significa
systematic errors! and experimental density without usin
any interatomic potentials. For more details of the RM
technique see Refs. 44 and 45.

B. Simulation procedure

To be able to simulate the intermediate-range structu
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 (x50.5) glasses contained 3900 and 3600 atoms,
spectively. The cubic box lengths were given values cor
sponding to the experimentally measured densities,
33.39 and 34.50 Å for the undoped lithium and sodium b
rate glasses, respectively, and 34.13 and 35.57 Å for
LiCl- and NaCl-doped glasses, respectively. Periodic bou
ary conditions were used.

In order to ensure physically realistic configurations,
the sense that there is no overlap of atoms and that the B
O atoms form a properly connected network, we ran h
sphere Monte Carlo simulations with certain constraints
plied. This is important since without using constraints it
unlikely that the RMC method will produce physically se
sible structural models.46 RMC tends to produce the mos
disordered structure that is consistent with the experime
data and the constraints, i.e., the configurational entrop
maximized. However, the number of possibilities to fit t
data will be significantly reduced using appropriate co
straints and the final structural model is likely to be mu
more realistic. The constraints we used were of two kin
closest atom-atom approach and connectivity. The clo
distance that two atoms were allowed to approach were
termined from the experimental results, e.g., the pa
correlation function. The following closest atom-atom d
tances were used in the simulations: 1.25 Å for B-O, 1.75
for Li-O, 2.1 Å for O-O, 2.2 Å for B-B and Na-O, 2.3 Å for
Li-Cl, 2.4 Å for Li-B, Li-Li, and Na-Cl, 2.5 Å for Na-B and
Na-Na, 2.6 Å for O-Cl, 2.8 Å for B-Cl, and 3.0 Å for Cl-Cl
the constraints on the B-O-network connectivity were a
plied on the basis of results obtained from NMR,47–49

Raman,50,51 and infrared experiments.52 These experiments
have shown that the addition ofM2O to B2O3 causes a pro-
gressive increase in the number of four-coordinated boron
the expense of three-coordinated ones. At the composi
M2O-2B2O3 the fraction of four-coordinated borons is clos
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to 45%. Therefore, we have applied the constraints tha
the oxygens are coordinated to two borons and that 45%
the borons are coordinated to four oxygens. The remain
borons are coordinated to three oxygens. The B-O dista
was allowed to vary from 1.25 to 1.65 Å. In this way w
have ensured that BO3 and BO4 units are formed and tha
they are linked together in a network. However, here
should be noted that although the fractions of BO3 and BO4
units are the same for the Li and Na-borate glasses there
differences between the glasses in how these units are
nected to larger borate configurations.10B NMR studies of
Li 2O-2B2O3 ~Ref. 49! and Na2O-2B2O3 ~Ref. 53! have
shown that the glass network of Li2O-2B2O3 consists of the
four borate configurations, diborate, tetraborate, metabo
and loose BO4

2 units, while the glass network o
Na2O-2B2O3 consists only of diborate groups. Such larg
structural groups have, however, not been built in by c
straints in the RMC models. After the BO network w
formed all the Cl2 and Li1 or Na1 ions were randomly in-
troduced into the computer boxes of the glasses. Before
fitting procedure to the experimental data was started
added ions were moved apart from each other and from th
and O atoms in order to fulfill the closest atom-atom co
straints.

We have two and three available experimental struct
factors of the undoped and doped lithium-containing glas
respectively. However, we will not use the structure fact
of the samples with a mixture of6Li and 7Li to give zero
scattering length of Li. The reason for this is that the hi
absorption cross section of6Li makes the absorption correc
tion difficult for the low-Q region of those samples, and th
data may, therefore, contain some quantitative systemati
rors that are likely to affect the intermediate range order
the structural models.

C. Results

In Figs. 6~a! and 6~b! the structure factors of the RMC
produced models of the lithium and sodium borate glas
respectively, are compared with those obtained experim
tally. Figure 6~a! shows two structure factors of th
LiCl-Li 2O-2B2O3 glass: one for the sample with natural is
topes and one for the sample containing37Cl. Considering
the high absorption cross section of the three samples,
overall structure factors are well reproduced in both simu
tions, although there are some discrepancies in the lowQ
region for the37Cl sample. The structure factors of the u
doped and doped sodium borate glasses, respectively@see
Fig. 6~b!#, are well reproduced over the wholeQ range
~0.5–30 Å21). The configurations should therefore conta
essential structural information related to both the sh
range order of the BO network and the type of intermedia
range ordering giving rise to the FSDP’s.

1. Intermediate-range order

In Figs. 7~a! and 7~b! we plot the partial structure factor
Si j (Q) of the RMC-produced configurations of Li2O-2B2O3
and Na2O-2B2O3, respectively. For Li2O-2B2O3 @see Fig.
7~a!# it is evident that all the partial structure factors contr
ute to the experimentally observed FSDP at 1.53 Å21, since
the dips~‘‘negative peaks’’! in SBLi(Q) andSOLi(Q) at simi-
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lar Q values turn positive in totalS(Q) due to the negative
scattering length of natural lithium. Thus,SBLi(Q) and
SOLi(Q) contribute to the FSDP in totalS(Q) due to the
negative scattering length of lithium, although it should
noted that they in reality show an anticorrelation in the act
Q range, in accordance with the shown partial structure f
tors. The FSDP at 1.35 Å21 of Na2O-2B2O3 is entirely due to
correlations within the B-O network@see Fig. 7~b!#. The
three partial structure factorsSBB(Q), SBO(Q), andSOO(Q)
all have peaks at about 1.35 Å21, while the other three par
tial structure factors show dips at similarQ values. However,
it should here be noted thatSNaNa(Q) has a prepeak at a
lower Q value ~1.0 Å21) than the FSDP in the totalS(Q).
The fact that the partial structure factorsSBLi(Q) and
SOLi(Q) for Li2O-2B2O3, and SBNa(Q) and SONa(Q) for
Na2O-2B2O3 show rather well-defined dips at about the sa
Q values as the partial structure factors of the B-O netw
have peaks, i.e., the correlations are in antiphase to the
relations within the B-O network, indicates that the catio
form bridges between neighboring BO4

2 units. This cross-
linking behavior of the cations is even more pronounced
the Ag2O-2B2O3 glass.25 The results are also in support of

FIG. 6. Experimental structure factors~full lines! and computed
neutron weighted total structure factors~dashed lines! for the RMC
configurations of~a! Li2O-2B2O3 and LiCl-Li2O-2B2O3 and ~b!
Na2O-2B2O3 and NaCl-Na2O-2B2O3. Two structure factors of
LiCl-Li 2O-2B2O3 are shown, one with natural C and one with37Cl.
The upper curves have been shifted vertically 1.0 for clarity.
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13 520 57J. SWENSON, L. BO¨ RJESSON, AND W. S. HOWELLS
proposed void-based model for the intermediate-range st
ture of network modified glasses.54–56

Figures 8~a! and 8~b! show the partial structure factor
Si j (Q) of the LiCl- and NaCl-doped glasses, respective
By comparing the two figures it is evident that th
intermediate-range order is relatively similar for the tw
glasses. The lost~or almost lost in the case of the NaC
doped glass! prepeaks in the partial structure factorsSBB(Q),
SBO(Q), andSOO(Q) show that the correlations within th
B-O network give no contribution to the FSDP’s at 1.8 a
1.35 Å21 in the total S(Q) of the LiCl- and NaCl-doped
glasses, respectively. This is not an expected result if
takes into consideration that the introduced dopant salts h
caused an expansion of the B-O network with about 3
compared to the undoped glasses. Thus, there must be
kind of voids within the B-O network, which are likely to
give rise to a peak at relatively lowQ. The explanation of
the absence of a prepeak must be that there is no partic
characteristic intermediate distance within the B-O netw
similar to what was found for the AgI-doped glass.25 Rather,
the B-O network of the LiCl- and NaCl-doped glasses m

FIG. 7. Partial structure factorsSi j (Q) calculated from the RMC
configurations of~a! Li2O-2B2O3 and ~b! Na2O-2B2O3. The upper
curves have been shifted vertically for clarity.
c-
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contain voids of widely different sizes and geometric
shapes. For the LiCl-doped glass the results indicate tha
origin of the experimentally observed FSDP atQ1'1.8 Å21

in the totalS(Q) is due to a combination of peaks~due to
nearest-neighbor distances! in the partial structure factors
SCl-Cl(Q), SCl-B(Q), and SCl-O(Q), and dips ~‘‘negative
peaks’’! in the partial structure factorsSLi-B(Q), SLi-O(Q),
andSLi-Cl(Q). These dips turn positive in the totalS(Q) due
to the negative scattering length of natural lithium. T
FSDP in the totalS(Q) of the NaCl-doped glass is not due
any individual peaks in the partial structure factors. Rath
the FSDP is produced by the summation of the partial str
ture factors, due to the fact that some of them show decr
ing intensity towardsQ50 while others rise with decreasin
Q over theQ region in question. This is also the reason f
the sharpness of the experimentally observed FSDP. T
the structures of the NaCl- and LiCl-doped glasses show
pronounced intermediate-range order, and are, theref
much more disordered than the AgI-doped glass with
highly ordered B-O network.25

FIG. 8. Partial structure factorsSi j (Q) calculated from the RMC
configurations of~a! LiCl-Li 2O-2B2O3 and ~b! NaCl-Na2O-2B2O3.
The upper curves have been shifted vertically for clarity.
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Figures 9~a! and 9~b! show the structure of the B-O ne
work and the distribution of lithium ions, respectively, in th
undoped glass, and Figs. 10~a! and 10~b! show the B-O
structure and the distribution of Li1 and Cl2 ions, respec-
tively, for the doped glass. The figures show a 10-Å-th
slice of the two RMC configurations. By comparing figur
9~a! and 10~a! the dopant-salt-induced expansion of the B
network is clearly visible. The voids in the B-O network
the doped glass@see Fig. 10~a!# are, as the partial structur
factors indicated, of widely different sizes and geometri
shapes. Both the lithium ions of the undoped glass@see Fig.
9~b!# and the lithium and chlorine ions of the doped gla
@see Fig. 10~b!# seem to be randomly distributed in the ava

FIG. 9. A 10-Å-thick slice of the RMC configuration o
Li2O-2B2O3.~a! shows the structure of the B-O network and~b! the
distribution of lithium ions. The radii of the chemical componen
are B50.5, O50.8, and Li150.7 Å.
l

s

able voids of the B-O network. Some smaller clusters of Li
can be observed in the largest voids of the B-O network@see
Fig. 10~b!#. The structural pictures of the sodium bora
glasses are very similar to the corresponding pictures of
lithium borate glasses, and will, therefore, not be sho
here.

2. Short-range order

Figures 11~a! and 11~b! show the partial pair-correlation
functionsGi j (r ) for Li2O-2B2O3 and Na2O-2B2O3, respec-
tively. The partial pair-correlation functions involving corre

FIG. 10. A 10-Å-thick slice of the RMC configuration o
LiCl-Li 2O-2B2O3. ~a! shows the structure of the B-O network an
~b! the distribution of lithium and chlorine ions. The radii of th
chemical components are B50.5, O50.8, Li150.7, and Cl251.6
Å.
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lations within the B-O network, i.e.,GBB(r ), GBO(r ), and
GOO(r ), are very similar for the two glasses. The only s
nificant differences are observed in the other three par
with the alkali ions involved. The first peak inGNaO(r ) is
located at a higherr value~2.45 Å! than inGLiO(r ) ~2.15 Å!
and theM -B distance seems to be more well defined in
lithium borate glass, while theM -M distance is most wel
defined in Na2O-2B2O3. The largerM -O distance in the so
dium borate glass is in agreement with experimen
findings33,38,39and it is, of course, due to the larger size
the Na1 ion compared to the Li1 ion. The differences in size
andM -O coordination number~see below! between the so-
dium and lithium ions may explain the differences
GMB(r ) and GMM(r ), although it should be noted that w
are not sure about the validity of details on this level. Su
details may not be completely correct in a RMC-produc
structural model simply due to the fact that the experimen

FIG. 11. Partial pair-correlation functionsGi j (r ) calculated
from the RMC configurations of~a! Li2O-2B2O3 and ~b!
Na2O-2B2O3. The upper curves have been shifted vertically
clarity.
ls

e

l

h
d
l

diffraction data contain a limited amount of structural info
mation. Furthermore, one should note that the nearest Na
and Li-Li distances are both about 2.8 Å, which is signi
cantly shorter than in the corresponding crystalli
compounds.35,36,40

The distributions of M -O coordination numbers ar
shown in Figs. 12~a! and 12~b! for Li 2O-2B2O3 and
Na2O-2B2O3, respectively. It is evident from the figures th
the distributions are very wide~perhaps too wide in thes
RMC models due to the limited information content of th
diffraction data and the fact that the RMC method tends
produce the most disordered structure! and that many differ-
ent coordinations exist. The results suggest that the al
ions are relatively randomly located in the voids of the B
network, without having any well-defined local environ
ments or affecting the nearest B-O structures significan
The average coordination numbers of the nearest Li-Or
,2.4 Å! and N-O (r ,3.0 Å! distances are estimated to b
about 3.7 and 5.4, respectively. Both values are in agreem
~within the experimental errors! with values obtained from
direct estimations of neutron33 and x-ray38 diffraction data.

The partial pair-correlation functions of LiCl-Li2O-2B2O3
and NaCl-Na2O-2B2O3 are shown in Figs. 13~a! and 13~b!,
respectively. The figures show that the first peaks inGi j (r ),
not involving Cl correlations, are similar to the correspon
ing peaks of the undoped glasses and that the differen
between the two undoped glasses are maintained in

FIG. 12. Distributions ofM -O coordination numbers calculate
from the RMC configurations of~a! Li2O-2B2O3 and ~b!
Na2O-2B2O3.
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doped glasses. The partialsGBCl(r ) and GOCl(r ) show no
pronounced peaks, which indicates that the chlorine ions
very weakly connected to the B-O network in these glass
The first Cl-Cl peak is broad and no secondM -Cl peak is
observed, indicating that no largerMCl clusters are presen
and that any local ‘‘saltlike structures’’ of the present glas
are very disordered.

The disordered nature of the salt ion distributions is a
supported in Figs. 14~a! and 14~b!, which show the distribu-
tions of M -O and M -Cl coordination numbers fo
LiCl-Li 2O-2B2O3 and NaCl-Na2O-2B2O3, respectively. The
figures show that most of theM 1 ions are coordinated to
both oxygens and chlorine ions and that many different co
binations of coordinations are likely to exist, although o
again can suspect that the coordination distributions in
model configurations may be too disordered. The aver
Li-Cl and Na-Cl coordination numbers (r ,3.2 Å! are esti-
mated to 1.3 and 1.5, respectively, and the average Li-O

FIG. 13. Partial pair-correlation functionsGi j (r ) calculated
from the RMC configurations of~a! LiCl-Li 2O-2B2O3 and ~b!
NaCl-Na2O-2B2O3. The upper curves have been shifted vertica
for clarity.
re
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Na-O coordination numbers are lower for the doped glas
~3.1 and 3.3, respectively! than for the corresponding un
doped glasses. Unfortunately, we have not been able to
any direct experimental determinations of these coordina
numbers for the present glasses to compare with, but
interesting to note that the average Li-O and Na-O coordi
tion numbers are significantly higher than for the cor
sponding AgI-doped borate glass.25,57 The reason for this
will be discussed in the next section.

V. DISCUSSION

The model of Krogh-Moe for the structure of bora
glasses58 suggests that the glass structure is locally built
by the same structural units as in the corresponding crys
The model has been supported by ma
investigations,49–53,59 which have shown that the arrang
ment of the network-modifier atoms in metal oxide modifi
glasses are very similar to that of the related crystals. Si
the short-range order of the boron-oxygen network seem
be almost unchanged by the introduction of the metal-ha
salt we suggest that also the metal-halide-doped bo
glasses investigated here are built up by similar borate u
as in the crystalline counterparts.

In the previous section we found that the reason for
decreased correlation length~in the sense that the FSD
moves to higherQ) in the LiCl-doped glass is that there is n

FIG. 14. Distributions ofM -O ~positive bars! andM -Cl ~nega-
tive bars! coordination numbers calculated from the RMC config
rations of~a! LiCl-Li 2O-2B2O3 and ~b! NaCl-Na2O-2B2O3.
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particular intermediate range characteristic distance. Ra
there are voids within the B-O network of a wide variety
sizes@see Fig. 10~a!#, which would then not give rise to an
particular low-Q feature in the structure factor. The stru
tural picture is different from that of the corresponding Ag
doped borate glass,25 for which AgI doping results in a sig
nificant ordering between neighboring network segme
with a characteristic length of about 8 Å. This is consiste
with the experimental observation for the AgI-doped glas
of a new intense sharp diffraction peak appearing at ab
0.8 Å21. From structural pictures it was easy to recogniz
characteristic distance between neighboring ‘‘chains’’
863 Å. The B-O network for the present LiCl-doped glass
much more disordered and it is not possible to identify a
typical distance between neighboring borate segments.
large differences in the intermediate structure between
lithium and silver borate glasses are likely to arise from
different ionic-covalent characters of the lithium and silv
ions. The Ag1 ions have a much larger electronegativity a
thus a larger tendency to form bonds with significant co
lent character than the Li1 ions. Therefore, it seems that th
silver and iodine ions have the ability to cross link betwe
different B-O segments and thereby cause the observed
termediate ordering between neighboring borate chain
ments. The cross-linking behavior of the silver and iod
ions is also likely to be the reason for the larger expansion
the B-O network and the significantly lower averageM -O
coordination number in the AgI-doped glass, compared
the LiCl-doped glass. The larger ionic character of t
lithium ions make such cross linking much weaker and l
directional, and the intermediate structure of the B-O n
work will be much less affected than in the case of A
doping. It is more likely that Li1 ions just stick into the
available voids within the glass network or coordinate to
chlorine ions~if they are present!. This also explains the
remarkably small differences observed in the low-Q range of
the structure factor when B2O3 is network modified with
Li2O. The structural pictures of the lithium borate glasses
also in agreement with a structural model in which the gl
network is built up by a disordered mixture of different kin
of borate configurations~diborate, tetraborate, metaborat
etc.! of different sizes. The introduction of a dopant salt w
tend to decrease the density of the glass network and m
the overall packing of these borate configurations less de
The created voids will, as mentioned above, have a la
range of sizes and they will be partly filled with lithium an
chlorine ions.

A similar structural model for the Na-borate glass
seems to be in rather good agreement with the experime
findings if one takes the short-range differences between
lithium and sodium borate glasses into consideration. Si
the cations predominantly bridge between oxygens of dif
ent BO4

2 groups33,60and theM -O distance is larger for Na1

than for Li1,33 the Na-borate glasses should have low
number densities and longer length scales of the density
tuations than the corresponding Li-borate glasses, prov
that the intermediate structural ordering is similar for the t
glass systems. The sharpness of the FSDP may seem to
contradiction to such a loose random-packing model of
ferent borate configurations. However, it may be explain
by the fact that the Na2O-2B2O3 glass contains only diborat
er
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groups, while the Li2O-2B2O3 glass consists of the four bo
rate configurations, diborate, tetraborate, metaborate,
loose BO4

2 units, as suggested from10B NMR results.49,53

In terms of intermediate-range structure, this is an import
difference between the two glasses, because the four bo
configurations in Li2O-2B2O3 have all very different shape
and sizes. Hence, the fewer kinds of structural units in
Na-borate glass would cause a more well-defined dista
between the structural units and thereby also the obse
stronger intermediate-range ordering. The results suppor
NMR results49,53 and indicate that the Na-borate glass
slightly more ordered on an intermediate length scale t
the Li-borate glass.

When the dopant salts LiCl and NaCl are introduced
FSDP of the B-O network may disappear due to the fact t
the dopant ions expand the glass network very inhomo
neously and produce a wide variety of distances between
borate groups, which are likely to be the same as in
corresponding undoped glasses. This is the most prob
reason for why no low-Q peak is observed in the neutro
diffraction data for LiCl-Li2O-2B2O3. A similar phenomenon
occurs when NaCl is added to Na2O-2B2O3. In this case, the
position of the FSDP remains unaffected; however, its int
sity decreases dramatically an the RMC-produced struct
model indicates that the origin of the peak is complet
different for the doped glass. The correlations within the B
network are only giving rise to a very weak peak at abo
1.2 Å21 and an increasing intensity towardsQ50, which is
the reason for the experimentally observed broadening of
low-Q side of the FSDP.

Next, we turn to the implications of the present structu
findings for the possible relation between structure and c
ductivity. Since the local-structural arrangements of the
vestigated glasses are very similar to the corresponding c
talline structures,35,36,40 and these crystals have negligib
ionic conductivities, we suggest that the much higher c
ductivities of the glasses are not due to any specific loc
structural arrangement. Rather, the intermediate-range d
der and the lower average number density leads to a m
open structure~at least locally! and the creation of voids an
pathways within the structure in which the ionic diffusio
can take place. The mobility of the cations will then increa
with increasing dopant concentration due to the fact that
added metal-halide salt causes an expansion of the host
network, which, in turn, facilitates widening of existin
doorways and opening of new pathways. There are lik
also effects due to a reducedM -O coordination number and
thereby a lowering of activation barriers for metal ions clo
to halide ions. In fact, by combining the present structu
findings with previous investigations24–26 it is evident that
the local structure around the cations, the accessible free
ume, and the ionic conductivity are all closely linked. It
likely that it is the different ionic-covalent characters of th
cations and the different sizes and polarizabilities of the
ions that determine the coordinations of the cations. Th
local differences induce structural differences also on an
termediate length scale, which, in turn, affect the access
free volume. As an example, we can take the compara
low average Ag-O coordination numbers and lar
intermediate-range ordering within the BO and PO netw
of the AgI-doped borate25 and phosphate glasses,24 which are
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likely caused by the large electronegativity of the Ag1 ion.
These structural features give rise to a larger accessible
volume for the cations, and thereby also a higher ionic c
ductivity, than in the more disordered LiCl- and NaCl-dop
borate glasses, which also have higher averageM -O coordi-
nation numbers. Thus, although the accessible free volum
determined by the microscopic interactions we recognize
Tuller and Button’s61 general idea that an open glass stru
ture is essential for high ionic conductivity seems to hold
the present glasses as well as for most salt-doped o
glasses.62 Finally, we note that the experimental results sho
no evidence of any metal-halide clusters of significant si
Hence, the present results imply that structural models
ion conduction based on relatively large salt clusters (.10
Å! ~Refs. 16–22! can immediately be rejected for thes
glasses, as well as for the AgI-doped borate, phosphate,
lybdate, and tungstate glasses.24–26

VI. CONCLUSION

The following picture of the structures o
(MZ)x(M2O-2B2O3)12x (M5Li,Na and Z5Cl,Br!
emerges from using neutron diffraction experiments and
verse Monte Carlo modeling. The dopant metal-halide s
does not affect the short-range order of the B-O network, i
the nearest-neighbor distances and the connectivity of
network are preserved. Instead the metal and halide ions
ter voids of the structure and simultaneously expand
boron-oxygen network. There does not appear to exist
v
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particular intermediate range ordering in the glasses, a
from that given by packing and requirements to keep
connectivity of the network. This is then in contrast to earli
findings for silver-halide-doped borate glasses.25 However,
the sodium borate glasses appear to be slightly more ord
on an intermediate length scale than the correspond
lithium glasses. This may be an effect of that the network
the Na-diborate glass is built up almost entirely by dibora
groups, whereas in the Li-diborate glass many different kin
of borate groups of different shapes and sizes are prese

The short-range order of all the glasses appears to be
similar to that of the corresponding crystalline compound
Thus, we find no particular short-range ordering that c
explain the high ionic conductivity of the glassy stat
Rather, we suggest that for the modified but undoped glas
it is the more open and disordered structure that is the m
cause of their much higher conductivities than for the cry
tals. The role of the dopant salt is then, apart from providi
more charge carriers and reducing the averageM -O coordi-
nation number, to further expand the glass network a
thereby to promote the formation of open doorways a
pathways in the structure suitable for ion conduction.
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