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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 glasgé&z),(Na,0-2B,03); _, and (LiZ),(Li,0-2B,03); « (Z
=Cl,Br) have been examined by neutron diffraction and reverse Monte (RKKLC) 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 LiCI- 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 Agl-doped glass. For the
latter the boron-oxygen network forms a more ordered chainlike structure with the salt ions cross linking
between the “chains.[S0163-18208)00822-4

I. INTRODUCTION specific or indirect assumptions about the structure of the

Glasses with high ionic conductivity presently attract Con_glass, in_particular th_e cation environr_n_ent. inen the various
9 y b y assumptions of the different models, it is of interest to seek a

sid_erable scier_1tific interest bgcaus_e of their potentia_\l applibetter understanding of the structure of the fast-ion-
cf'itlons as solid eleptrolytes in various electrochemical de(':onducting glasses. In some previous papers we have inves-
vices such as solid-state batteries, fuel cells, MeMOrYjyated the structures of some of the highest conducting
devices, chemical sensors, and “smart windows.” Further-g|asses, e.g., Agl-doped borate, phosphate, molybdate, and
more, they are of interest as model materials for investigatungstate glasses, using a combination of diffraction experi-
tions of diffusion in disordered systems. In some of thements and reverse Monte Carlo modelfig?® For these
glasses, the diffusion can be extraordinarily fast, comparablglasses, considerable intermediate-range ordering was evi-
to that in liquid electrolytes, and occurs in an otherwise com-dent from the presence of a sharp diffraction peak at@w
pletely frozen environment. Both for technical and funda-which grows with increasing Agl content. For the network
mental reasons it is of interest to try to understand the fasttorming borate and phosphate glasses, the ordering is pre-
ion diffusion on the basis of the microscopic properties.dominantly due to density fluctuations within the BO or PO
However, despite considerable experimental and theoreticaletwork and in none of the molecular and network glasses
efforts, the conducting mechanism is not yet fully correlations between the silver and iodine ions contribute
understood. This is partly due to an incomplete knowledge substantially to the firstsharp diffraction peak(FSDP in
of the microscopic structure, especially on the intermediateéhe total structure factor. The silver ions were found to co-
length scale, i.e., 4-20 A, where correlations between varierdinate to both oxygens and iodine ions and for the network
ous structural subunits may be important. glasses, the Ag and I" ions were located in clearly pro-

A particularly interesting class of fast-ion conductors isnounced pathways within the glass network.
the metal-halide-doped oxide glasses. The best conducting The Agl-doped glasses can be regarded as model materi-
glasses may reach conductivities up to 4@®/cm at room  als for investigations of the conduction mechanism in amor-
temperaturé. Various spectroscopic techniques have indi-phous ionic conductors because of their high conductivity.
cated that the introduced dopant ions occupy interstices dflowever, it is the lithium- and sodium-containing glasses
the glassy structure without seriously affecting the localthat seem to be the most suitable materials for technological
structure of the host glass networ# applications due to the much cheaper price and the higher

Several models, such as the weak electrolyte mb6del, cell voltages in battery applications. Therefore, we have un-
the random site modéf, the dynamic structure mod&l;*®  dertaken a systematic structural study of lithium and sodium-
the diffusion pathway modé**'® the cluster model®??>  halide-doped borate glasses. The aim is to contribute to an
and the cluster-bypass mod@lhave been proposed to ex- understanding of the microscopic structure and its relation to
plain the high ionic conductivity, and most of them involve the ionic conductivity. In particular, we would like to find a
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structural explanation for why the lithium and sodium borate ARARRRARER AR .(; ')l T

273"x ]

glasses have lower conductivities than the corresponding sil- 3.5 | (HCD,(L,0-28

ver borate glasses and hence, to discriminate structural fea-
tures that are important for high ionic conductivity. Such
knowledge may be useful for optimizing amorphous ionic
conductors for future applications.

We have chosen to study metal-halide-doped borate

glasses, because they have relatively high ionic conductivi- % X ]
ties, wide glass-forming composition range, are chemical i x=0.11
stable, and readily form glasses. In this paper, we report on 1.5 1
structural investigations ofM Z),(M,0-2B,03);_, glasses X x=0 ]
(x=0-0.6), whereM =Li,Na and Z=CI or Br, by using TE 1
neutron diffraction. In view of the assumptions of the struc- o C ]

tural models above it is of particular interest to get a better ]
understanding of how the dopant ions are introduced. We 0O 5 10 15 20 25
have therefore used the method of isotopic variation of Li
and Cl to get a better determination of the local structure
around these ions. We have also performed reverse Monte FIG. 1. Structure factor§(Q) of (LiCl) 4(Li,0-2B,03);_4 (X
Carlo (RMC) (Refs. 27 and 2Bsimulations of the glasses =0-0.6). The upper curves have been shifted vertically for clarity.
M,0-2B,05; and M CI-M,0-2B,05 (M =Li,Na) in order to

investigate changes in the intermediate-range structure sinagreed with other data sets in the overlappihgegion.

they appear to play an important role in several models. The The obtained structure fact®@(Q) of each sample was
results will be compared with various structural models pro+ourier transformed to obtain the total neutron weighted
posed for ion-conducting glasses and will also as mentionegair-correlation function

be compared with recent results for Agl-doped glag8e¥.

Momentum Transfer (A™')

i=1 *
Il. EXPERIMENTAL DETAILS G(r)= , f Q[S(Q)—1]sin(Qr)dO+1,
Glasses of compositions (LiGH(Li,O-2B,0O5)1 5 (X szpo(z c-b-) 0
=0-0.6), LiBr-Li,0-2B,0;, and (N&),(Na,0-2B,03); =
(x=0,0.5 andZ=CI,Br) were prepared using melt quench- (@h)

ing according to procedures described previod3fy. For

the LiCI-Li,O-2B,0O; composition two additional samples

were prepared, one with an appropriate combinatioffLof

and ’Li to give zero neutron scattering length of Li and one

where chlorine was isotopically enriched #{Cl. In all ) ; . .

samples boron was isotopically enriched ¥#B (99%) in constituent aton')s:_:,um of the partial pair-correlation func-

order to minimize the influence of the high neutron absorp-tIOnS gij(r) according to

tion of 1°B present in natural boron. The samples, which n

were in shapes of cylindrical rod with a diameter of 9 mm 2 cici(b )b )gi (r)

and a length of 50 mm, were mounted in thin-walled vana- ifZy T

dium containers. The neutron diffraction experiments were G(r)= ( n 2 . 2
Cibi)

wherep? is the average number density, andindb; are the
concentration and neutron-scattering length of afgnne-
spectively. The totalG(r) can be expressed as a neutron
weighted(i.e., dependent upon the scattering lengths of the

performed on the time-of-flight Liquid and Amorphous Ma- z

terials Diffractometer at the pulsed neutron source ISIS, Ru- =1

therford Appleton Laboratory, UK. The diffractometer has . )

been described in detail elsewhéteTime-of-flight spectra Before the Fourier transformations were done the struc-

were recorded separately for each group of detectors at tH&re factors were truncated @,,,=30 A*in order to avoid

angles 150°, 90°, 58°, 35°, 20°, 10°, and 5° and also fogmall systematic errors of the high-data. Termination

monitors in the incident and transmitted beam, respectivelyfiPples in the correlation function caused by the Fourier
The data of each detector group were corrected separatelfansformation and this truncation were reduced by multiply-

for background and container scattering, absorption, multiplédNg the integrand in Eq(1) with the Lorch modification

scattering, and inelasticity effects and normalized against thiinction** although this is at the expense of a somewhat

scattering of a vanadium rod to obtain the structure factofeduced real-space resolution.

S(Q), following the procedure described in Ref. 32. The

absorption corrections required some caution because of the Ill. EXPERIMENTAL RESULTS

high absorption cross secti¢about 3x 10~ 2 cn? for a neu-

tron wavelength of 1.8 A It was carefully checked in the

same manner as for the binary borates described in Ref. 33. The structure factor§(Q) of the investigated fast-ion-

The corrected individual data sets obtained at each angleonducting glasses are shown in Figs. 1-3. Some of the re-

were then combined to obtain a wiGerange and to improve sults have appeared in previous preliminary repbftsigure

the statistics. For each data set we only usedtirange that 1 shows the structure factors of the glass system

A. Lithium borate glasses
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FIG. 3. (@ Structure factorsS(Q) and (b) pair-correlation
functions G(r) of (NaCl),(Na,0-2B,03);_x (x=0,0.5) and

1 - '2' 3 4 5 6 NaBr-NgO-2B,05;. The upper curves have been shifted vertically
(b) r (A) for clarity.
FIG. 2. (a) Structure factorsS(Q) of LiBr-Li ,0-2B,0; and Figure 2a) shows two structure factors of

LiCI-Li ,0-2B,03, one with a mixture of’Li and ’Li to give zero  LiCl-Li ,0-2B,05, one with a mixture ofLi and ’Li to give
scattering length of Li and one witR’Cl enriched chlorine. The zero scattering length of Li an one witHCI enriched chlo-
structure factors have been compared wi#iQ) of LiCl-  rine, andS(Q) of LiBr-Li,0-2B,0;. The structure factors
L|20-2_8203 cont{:umng na_tural Li and C_ndashed lings (b) shows  have been compared witB(Q) of LiCl-Li ,0-2B,0; con-
the pair-correlation function&(r) of Li,0-2B,0O; and the same  taining natural Li and Cldashed lines Figure 2b) shows
glas_ses as were shown (a). The upper curves have been shifted ha stomic pair-correlation functiorG(r) for Li,0-2B,0,
vertically for clarity. and the same glasses as were shown in R@. Eigure Za)

LiCD o(Li-O-2B,02)+_. (x=0-0.6). It is there evident that Shows that the higl) range is almost unaffected by the
f’:\ll gl)z;ésezs sh%wg)allrr)l(o(st identicz)il results for the high- changes of cation and anion, indicating that the Highange
range, indicating very similar short-range structures, andscillations are dominated by well-defined distances wlthln
only small differences in the lowg region. It is worth no-  the boron-oxygen networkwhich do not change by the in-
ticing that the predominant pafabout 60% or moreof the  troduction of the dopant saltThis can also be established
scattering of the present glasses is from the B-O networkfrom the short-range real-space correlations shown in Fig.
The insensitivity of the higl® range to metal-halide doping 2(b), where it is seen that the two first peak<3(r) occur at
supports previous Raman and neutron diffraction reétfts, the same position and with almost the same width for all the
which indicate that the halide salt does not affect the shortinvestigated glasses. Thus, the B-O network of all the inves-
range order of the host boron-oxygen network. In the @w- tigated glasses has a very similar short-range order. The dif-
region, the FSDP broadens and shifts continuously to highdierences are mainly seen on an intermediate length scale in
Q values with increasing dopant salt concentratiorForx  the Q region below 4 A1,
=0, the peak position is at 1.537A and for x=0.6, the The largest change is observed for tHEl sample in the
position of the FSDP has shifted to 1.87 A indicating that  lowestQ region, which has a FSDP at a slightly lon@r
density fluctuations occur on shorter length scales. This igalue and a substantially higher intensity at the IQuside
interesting because the behavior is completely opposite tof the FSDP. However, most differences are relatively small.
that observed for Agl-doped borate glas$ésfor which a  The small differences between the LiCl- and LiBr-doped
new peak appears around 0.8%and grows with increasing glasses indicate that their structures are very similar. There is
Agl content. no obvious particular feature observedS(Q) that can be
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related to the correlations of the introduced salt ions. The SRR ERAE RALAR AL RN L
08| LiCI-Li,0-2B,0, ]

most interesting difference between the structure factors
shown in Fig. Za) is the change of the intensity & values
below the FSDP for different Li halides. The intensity in-
creases with decreasing scattering length of the anion
(bney>bgrn>barey), indicating that correlations within
the B-O network cause high scattering intensity below 1.5
A~ and that the halides contribute negatively in this range

of S(Q). However, we note that no anomalous IQvpeak, 0.2 p
similar to that observed for the highly Agl-doped borate I ]
glasse<® is produced. Rather, it is evident from Fig(a2 0 y
that the intermediate-range density fluctuations of 1

Li,O-2B,0; decrease drastically with LiCl and LiBr doping. 0.2 Lnbnto i,
20-2B,04 y ping 115 2 25 3 35 4 45

r (A)
B. Sodium borate glass
. . FIG. 4. Difference functionAG(r) obtained from the differ-
In Figs. 3a) and 3b) the structure factors and pair corre- gnce petween the following pair-correlation functioBgr) of

lation functions, respectively, of N@-2B,0; and N&-  |jcI-Li ,0-2B,0;, glasses with different isotope mixture@) one
Na,0-2B,0; (Z=Br,Cl) are shown. As for the lithium bo-  with a mixture of®Li and "Li to obtain zero scattering from Li and
rate glasses only minor changes in the highiange are ob- one with natural Li andb) the difference between a sample with
served to occur on salt dopingee Fig. 83)]. The short- natural Cl and one where chlorine was isotopically enriched in
range order of the B-O network is not only almost unaffected®’Cl. The first peakB-O) in the pair-correlation functions is scaled
of salt doping, it is also similar for lithium and sodium borate to the same area. Cur¢e) has been shifted vertically 0.4 for clar-
glasses. The most obvious differencedfir) between those ity.

glassegsee Figs. th) and 3b)] is seen for 1.Zr<2.5 A.

This i; du_e tp.the fact that the nearest Li-O distancg atabout; » o+ 1 A, which gave a negative contribution in Fig. 2,
2.0 A is significantly lower than the nearest Na-O distance ajg again evident in tha G(r), but now as a positive contri-

about 2.3 A¥* and also due to the large difference in scatter-hytion because of the subtraction. There is another broad
ing length between natural hegative scattering length due peak at 2.7%0.1 A, which we attribute to involve predomi-

to the high amount of’Li and Na (positive scattering nantly the nearest Li-B and Li-Cl correlations, in accordance
length). Correlations between Li and a nucleus with positiveith the structure of glassy and crystalline LjO-2B,05
scattering lengths result in negative peaksGifr) [see Eq.  (Refs. 35 and 36and crystalline LiCE? Unfortunately, the
(2)]. In the low-Q region, however, there are differences be-giference in scattering length between Li£0) and the
tween the lithium and sodium borate glasks=e Figs. 1 and 1| js too small to be able to estimate the nearest Li-Li
3(a)]. In the case of the sodium borate glasses, the position instance[which should produce a negative peakAs(r)].

the FSDP is almost unchanged at about 1.35; Aowever, The difference curve of"Cl and %’Cl in Fig. 4 (curve

its intensity decreases dramatically for both NaCl and NaBIb) is given by AG(r)=0.0163gq(r)+0.02555 oc(r)
doping. In addition, the NaBr—dqp(_ad glasg shows a v_veaIL 0.003&¢(r) +0.003G(r). It shows a large broad
shoulder at about 0.9 A.The origin of this shoulder is peak at about 360.1 A and essentially no correlations be-
probably similar to the increased intensity below @ealue oy 2.5 A. The broad peak probably contains several differ-
of the FSDP for the lithium-halide-doped glasses, as diSant nearest interatomic distancé3l-0O, CI-B, and CI-CJ,
cussed above. Considering the length scale of the densiynd it is therefore difficult to separate the various correla-
fluctuations, the doped Na-borate glasses show an intermedjpns involving CI by this method. However, the broad fea-
ate behavior compared to the LiCl- and Agl-doped boratgyreless peak indicates that none of the correlations are par-
glasses. ticularly well defined.

C. Short-range order of LiCI-Li ,0-2B,04
D. Short-range order of NaCl-Na0-2B,03

In Fig. 4 we show the difference in the pair-correlation ) ) )
function G(r), AG(r), between the Li Q':O) and "Li Flgure 5 shows the difference (r), AG(r), between

samples, and between tHi€l and 3’Cl samples, respec- (€ glasses NaCl-N®-2B,0; and NgO-2B,0;. The indi-
tively. Before the subtractions were performed, the pairVidual G(r) are scaled by the area of the first B-O peak. The
correlation functions of the three samples were scaled by thguPtraction is performed with the assumption that the short-
area of the first B-O peak, because the relative scatterinfn9e order of the BO network is essentially unaffected of
cross sections of the B-O correlations to the t@4t) are e metal-halide doping. The difference curve

different. In this way, all the intra B-O network correlations

are canceled and the difference curves contain only correla-

tions involving Li and Cl, respectively. Let us first consider AG(1)=0.00835gn,(r)+0.022Z5g¢ (1) +0.013Wond 1)

the Li correlations shown in Fig. 4curve a), where +0.0346 o((1) + 0.002% e T )
AG(r)=0.0141, (1) + 0.022@ (1) — 0.00163,,;(r)

+0.005Z5 ¢ (r). The peak from the nearest Li-O distance +0.00935,c(r) +0.0041G (1)
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0.15 e A. The reverse Monte Carlo method

[ NaCI-Na_0-2B.0 ] . .

: AR, 273 ] The RMC method is based on the Metropolis Monte
0.1  doped-undoped . Carlo algorithm(Ref. 43 (Markov chain, periodic boundary

conditions, etg, but instead of minimizing the energy, one
minimizes the squared difference between the experimental
structure factor and the structure factor calculated from the
computer configuration. The structure of this computer con-
figuration is modified by moving the atoms randomly until
the calculated structure factor agrees with the experimental
data within the experimental errors. Moves are only accepted
if they are in accordance with certain constraints, e.g., closest
atom-atom distancegsee below. In this way, the RMC
method produces three-dimensional models of disordered
materials that agree quantitatively with the available diffrac-
tion data(provided that the data do not contain significant
FIG. 5. Difference functio\ G(r) obtained from the difference Systematic errojsand experimental density without using
between the pair-correlation functionS(r) of the glasses any interatomic potentials. For more details of the RMC
NaCl-Na0-2B,0; and NaO-2B,0;. The first peak(B-O) in the  technique see Refs. 44 and 45.
pair-correlation functions is scaled to the same area.

0.05 |

AG(r)

-0.1
15 2 25 3 35 4 45 5

t (A)

B. Simulation procedure
is not showing any correlations within the BO network if this

C . : To be able to simulate the intermediate-range structural
assumption is validated. Three main peaks can be clearl

T : drder the configuration has to be large enough so that the
distinguished inAG(r) located at 2.40.1, 3.1-0.1, and corresponding box size does not influence the ordering in

4.0£0.1 A, respectively. By comparison with data of other 4yestion, i.e., a large number of atoms must be used. The
similar samples and also with x-ray diffraction results Wecomputer configurations of the present undopeet Q) and
attribute the first peak to the first Na-O shtf®*the sec-  goped k=0.5) glasses contained 3900 and 3600 atoms, re-
ond peak to predominantly involve the nearest Na-B andpectively. The cubic box lengths were given values corre-
Na-Cl correlations, and the third peak at #@.1 A is prob-  sponding to the experimentally measured densities, i.e.,
ably due to many different correlations involving Na and Cl,33.39 and 34.50 A for the undoped lithium and sodium bo-
and perhaps also to differences in the BO-network orderingate glasses, respectively, and 34.13 and 35.57 A for the
between the two samples. The small peak located at 2.80iCI- and NaCl-doped glasses, respectively. Periodic bound-
+0.1 A may also be significant, since it coincides with theary conditions were used.

second Na-O shell in crystalline Ma-2B,0; (Ref. 40 and In order to ensure physically realistic configurations, in
glassy NaO-2B,0; (Ref. 39 and also with the nearest Na-Cl the sense that there is no overlap of atoms and that the B and
distance in crystalline NacCf O atoms form a properly connected network, we ran hard

sphere Monte Carlo simulations with certain constraints ap-
plied. This is important since without using constraints it is
IV. STRUCTURAL MODELING unlikely that the RMC method will produce physically sen-
sible structural modef® RMC tends to produce the most
To obtain further insights into the structures it is desirabledisordered structure that is consistent with the experimental
to perform some kind of modeling of the glass structuresdata and the constraints, i.e., the configurational entropy is
Molecular dynamics(MD) simulations have already been maximized. However, the number of possibilities to fit the
performed on (LiCI)}(Li,0-2B,03);_, (x=0,0.6) (Ref. 42 data will be significantly reduced using appropriate con-
and compared to the neutron data presented here. The MBraints and the final structural model is likely to be much
simulations were able to reproduce the higipart ofS(Q) ~ More realistic. The constraints we used were of two kinds:
relatively well, but large deviations from the experimental €l0Sest atom-atom approach and connectivity. The closest
data were found in the oW region. The probable reason distance that two atoms were allowed to approach were de-

for these deviations is the difficulties to find accurate enouglji""’rm'?etfj frfom tf‘he _?)ﬁpefrlrﬁ]en_tal rclasultst, ?.g., tthe g@lr-
approximations of all the included pair potentials to repro-Correa lon function. 1he toflowing closest atom-atom 0O1s-

duce both the short- and the intermediate-range order of suc;ﬁnces were used in the simulations: 1.25 A for B-O, 1.75 A

; s r Li-O, 2.1 A for 0-0, 2.2 A for B-B and Na-O, 2.3 A for
chemically complicated systems as the present glasses. \/ﬁ

h iak " i ot te structural model I-Cl, 2.4 A for Li-B, Li-Li, and Na-Cl, 2.5 A for Na-B and
ave taken an afternative route 1o create structural models Qi _Ng 2.6 A for O-Cl, 2.8 A for B-Cl, and 3.0 A for CI-Cl.

the glasses by using the RMC mettféd; which makes di- o constraints on the B-O-network connectivity were ap-
rect use of the available experimental data without any aSplied on the basis of results obtained from NMR?
sumption of the potentials involved. It has recently been SUCRamarP®5! and infrared experiment€. These experiments
cessfully applied to other network and fast-ion-conductingnayve shown that the addition 1,0 to B,O, causes a pro-
glasseg*#>?8 Here, we will present results from RMC gressive increase in the number of four-coordinated borons at
simulations on the glasses (LiG({Li,0-2B,0;);_x and the expense of three-coordinated ones. At the composition
(NaCl),(Na,0O-2B,03)1 _, (x=0,0.5. M,0-2B,0; the fraction of four-coordinated borons is close
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to 45%. Therefore, we have applied the constraints that all SAARERRARARRI DA
the oxygens are coordinated to two borons and that 45% of 3.5F, pliCl-Li,0-28,0,
the borons are coordinated to four oxygens. The remaining

borons are coordinated to three oxygens. The B-O distance

el ]

was allowed to vary from 1.25 to 1.65 A. In this way we 2_55— ' LiCl-Li,0-2B,0, —

have ensured that BOand BQ units are formed and that ~ s el
) . . o 2 ,

they are linked together in a network. However, here it 5 °F ;

should be noted that although the fractions of;Bdd BQ,

units are the same for the Li and Na-borate glasses there are E
differences between the glasses in how these units are con- 1F
nected to larger borate configuratio$B NMR studies of T

Li20-23203

Li,0-2B,0; (Ref. 49 and NgO-2B,0; (Ref. 53 have OSH
shown that the glass network of,0-2B,0; consists of the 0 5 10 15 20 2
four borate configurations, diborate, tetraborate, metaborate, (a) Momentum Transfer (A1)
and loose B@ units, while the glass network of

Na,0O-2B,05 consists only of diborate groups. Such larger P AR R RN AR LR

structural groups have, however, not been built in by con-
straints in the RMC models. After the BO network was
formed all the CI and Li* or Na' ions were randomly in-
troduced into the computer boxes of the glasses. Before the
fitting procedure to the experimental data was started the
added ions were moved apart from each other and from the B
and O atoms in order to fulfill the closest atom-atom con-
straints.

We have two and three available experimental structure
factors of the undoped and doped lithium-containing glasses,
respectively. However, we will not use the structure factors

NaCl-Na_0-2B_O_]
2 2 3

of the samples with a mixture ofLi and ’Li to give zero 0'5-—1 L]
scattering length of Li. The reason for this is that the high 0 5 10 15 20 25
absorption cross section 8f.i makes the absorption correc- (b) Momentum Transfer (A" %)

tion difficult for the low-Q region of those samples, and the

data may, therefore, contain some quantitative systematic er- FIG. 6. Experimental structure factoffsll lines) and computed
rors that are likely to affect the intermediate range order oheutron weighted total structure factddashed linesfor the RMC
the structural models. configurations of(a) Li,0-2B,05 and LiCl-Li,0-2B,05 and (b)
Na0-2B,0; and NaCl-NaO-2B,0;. Two structure factors of
LiCI-Li ,0-2B,05 are shown, one with natural C and one wificl.

C. Results
The upper curves have been shifted vertically 1.0 for clarity.

In Figs. &a) and Gb) the structure factors of the RMC-
produced models of the lithium and sodium borate glasses,

respectively, are compared with those obtained experime ar Q values turn positive in tot&(Q) due to the negative

tally. Figure @a) shows two structure factors of the Scattering length of natural lithium. Thuss;(Q) and
LiCl-Li ,0-2B,0; glass: one for the sample with natural iso- SoLi(Q) contribute to the FSDP in tote(Q) due to the
topes and one for the sample containif@l. Considering negative scattering length of lithium, although it should be
the high absorption cross section of the three samples, tHeoted that they in reality show an anticorrelation in the actual
overall structure factors are well reproduced in both simulaQ range, in accordance with the shown partial structure fac-
tions, although there are some discrepancies in theQow- tors. The FSDP at 1.35 A of Na,0-2B,0; is entirely due to
region for the3'Cl sample. The structure factors of the un- correlations within the B-O networksee Fig. t)]. The
doped and doped sodium borate glasses, respectigely three partial structure factoBg(Q), Sgo(Q), andSy(Q)

Fig. 6(b)], are well reproduced over the whol@ range all have peaks at about 1.35 A while the other three par-
(0.5-30 A™Y). The configurations should therefore containtial structure factors show dips at simil@rvalues. However,
essential structural information related to both the shortit should here be noted th&,n{Q) has a prepeak at a
range order of the BO network and the type of intermediatetower Q value (1.0 A1) than the FSDP in the tot&(Q).

range ordering giving rise to the FSDP’s. The fact that the partial structure factog;(Q) and
. SoLi(Q) for Li,0-2B,05 and Sgna(Q) and Soni(Q) for
1. Intermediate-range order Na,O-2B,0; show rather well-defined dips at about the same

In Figs. 7a) and 1b) we plot the partial structure factors Q values as the partial structure factors of the B-O network
Sij(Q) of the RMC-produced configurations of O-2B,0;  have peaks, i.e., the correlations are in antiphase to the cor-
and NgO0-2B,0,;, respectively. For LiO-2B,05 [see Fig. relations within the B-O network, indicates that the cations
7(a)] it is evident that all the partial structure factors contrib- form bridges between neighboring BOunits. This cross-
ute to the experimentally observed FSDP at 1.53,Aince  linking behavior of the cations is even more pronounced for
the dips(“negative peaks’ in S ;(Q) andSg,;(Q) at simi-  the AgO-2B,05 glass?® The results are also in support of a
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FIG. 7. Partial structure facto; (Q) calculated from the RMC FIG. 8. Partial structure facto;(Q) calculated from the RMC
configurations of@) Li0-2B,05 and (b) N&,0-2B,0;. The upper  configurations of@) LiCl-Li ,0-2B,0; and (b) NaCl-NgO-2B,0s.
curves have been shifted vertically for clarity. The upper curves have been shifted vertically for clarity.

proposed void-based model for the intermediate-range stru
ture of network modified glassé$:%®
Figures &) and &b) show the partial structure factors

i of the LiCl- and NaCl-doped glasses, respectively.. : S
Si)l/((%)omparing the two figuresp it igs evident ?hat th()a/ in the total S(Q) is due to a combination of peakdue to

intermediate-range order is relatively similar for the two"€arest-neighbor distange the partial structure factors
glasses. The lostor almost lost in the case of the NaCl- Scicl(Q), Scis(Q), and Sc.o(Q), and dips (“negative
doped glassprepeaks in the partial structure factSg(Q), ~ Peaks’) in the partial structure factorS;5(Q), S.i.o(Q),
Seo(Q), and Sp(Q) show that the correlations within the @ndSii.ci(Q). These dips turn positive in the tot8(Q) due

B-O network give no contribution to the FSDP’s at 1.8 andt0 the negative scattering length of natural lithium. The
1.35 A in the total S(Q) of the LiCl- and NaCl-doped FSDP in the totab(Q) of the NaCl-doped glass is not due to
glasses, respectively. This is not an expected result if onany individual peaks in the partial structure factors. Rather,
takes into consideration that the introduced dopant salts hawe FSDP is produced by the summation of the partial struc-
caused an expansion of the B-O network with about 35%ure factors, due to the fact that some of them show decreas-
compared to the undoped glasses. Thus, there must be soring intensity toward€) =0 while others rise with decreasing
kind of voids within the B-O network, which are likely to Q over theQ region in question. This is also the reason for
give rise to a peak at relatively lo®. The explanation of the sharpness of the experimentally observed FSDP. Thus,
the absence of a prepeak must be that there is no particultite structures of the NaCl- and LiCl-doped glasses show no
characteristic intermediate distance within the B-O networkpronounced intermediate-range order, and are, therefore,
similar to what was found for the Agl-doped gl#S$Rather, much more disordered than the Agl-doped glass with its
the B-O network of the LiCl- and NaCl-doped glasses mushighly ordered B-O network>

%ontain voids of widely different sizes and geometrical
shapes. For the LiCl-doped glass the results indicate that the
origin of the experimentally observed FSDPQyj~1.8 A1
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_FIG. 9. A 10-A-thick slice of the RMC configuration of FIG. 10. A 10-A-thick slice of the RMC configuration of
Li;0-2B,0;.(a) shows the structure of the B-O network aflthe | jc|-Li ,0-2B,0s. (a) shows the structure of the B-O network and
distribution of lithium ions. The radii of the chemical components (b) the distribution of lithium and chlorine ions. The radii of the
are B=0.5, 0=0.8, and LI =0.7 A. chemical components are=®.5, 0=0.8, Li"=0.7, and CT=1.6

Figures 9a) and 9b) show the structure of the B-O net- A

work and the distribution of lithium ions, respectively, in the
undoped glass, and Figs. (8 and 1@b) show the B-O
structure and the distribution of tiand CI” ions, respec-
tively, for the doped glass. The figures show a 10-A-thick
slice of the two RMC configurations. By comparing figures
9(a) and 1@a) the dopant-salt-induced expansion of the B-O
network is clearly visible. The voids in the B-O network of
the doped glasfsee Fig. 1(8)] are, as the partial structure
factors indicated, of widely different sizes and geometrical
shapes. Both the lithium ions of the undoped glaee Fig. Figures 11a) and 11b) show the partial pair-correlation
9(b)] and the lithium and chlorine ions of the doped glassfunctionsGj;(r) for Li,O-2B,0; and NgO-2B,0;, respec-
[see Fig. 1(b)] seem to be randomly distributed in the avail- tively. The partial pair-correlation functions involving corre-

able voids of the B-O network. Some smaller clusters of LiCl
can be observed in the largest voids of the B-O netvede

Fig. 10b)]. The structural pictures of the sodium borate
glasses are very similar to the corresponding pictures of the
lithium borate glasses, and will, therefore, not be shown
here.

2. Short-range order
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X B-B diffraction data contain a limited amount of structural infor-
[ FERERINIA S8 ox AR R mation. Furthermore, one should note that the nearest Na-Na
1 2 3 4 5 6 and Li-Li distances are both about 2.8 A, which is signifi-
(b) r (A) cantly shorter than in the corresponding crystalline
compounds?>36:40
FIG. 11. Partial pair-correlation function§;;(r) calculated The distributions of M-O coordination numbers are

from the RMC configurations of(a Li,0-2B,0; and (b)  shown in Figs. 1@) and 12b) for Li,0-2B,0; and
Na,0-2B,0;. The upper curves have been shifted vertically for Ng,0-2B,0;,, respectively. It is evident from the figures that
clarity. the distributions are very widéperhaps too wide in these
RMC models due to the limited information content of the
lations within the B-O network, i.eGgg(r), Ggo(r), and diffraction data and the fact that the RMC method tends to
Goo(r), are very similar for the two glasses. The only sig- produce the most disordered strucjuaed that many differ-
nificant differences are observed in the other three partialent coordinations exist. The results suggest that the alkali
with the alkali ions involved. The first peak By,o(r) is  ions are relatively randomly located in the voids of the B-O
located at a higher value(2.45 A) than inGo(r) (2.15 A network, without having any well-defined local environ-
and theM-B distance seems to be more well defined in thements or affecting the nearest B-O structures significantly.
lithium borate glass, while th&1-M distance is most well The average coordination numbers of the nearest LFO (
defined in NaO-2B,0;. The largerM-O distance in the so- <2.4 A) and N-O ¢<3.0 A) distances are estimated to be
dium borate glass is in agreement with experimentabbout 3.7 and 5.4, respectively. Both values are in agreement
findings>383°and it is, of course, due to the larger size of (within the experimental errorswith values obtained from
the Na" ion compared to the L'iion. The differences in size direct estimations of neutréhand x-ray?® diffraction data.
and M-0O coordination numbefsee beloyw between the so- The partial pair-correlation functions of LiCI-j®-2B,04
dium and lithium ions may explain the differences in and NaCl-NaO-2B,0O5 are shown in Figs. 13) and 13b),
Gumg(r) andGyy(r), although it should be noted that we respectively. The figures show that the first peak&ijf(r),
are not sure about the validity of details on this level. Sucmot involving Cl correlations, are similar to the correspond-
details may not be completely correct in a RMC-producedng peaks of the undoped glasses and that the differences
structural model simply due to the fact that the experimentabetween the two undoped glasses are maintained in the
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Na-O coordination numbers are lower for the doped glasses
(3.1 and 3.3, respectivelythan for the corresponding un-

1.2 3 04 5 6 doped glasses. Unfortunately, we have not been able to find
(b) r (A) any direct experimental determinations of these coordination
numbers for the present glasses to compare with, but it is
interesting to note that the average Li-O and Na-O coordina-
tion numbers are significantly higher than for the corre-
sponding Agl-doped borate gla¥s’ The reason for this
will be discussed in the next section.

FIG. 13. Partial pair-correlation function§;;(r) calculated
from the RMC configurations ofa) LiCl-Li,0-2B,0; and (b)
NaCl-Ng0-2B,0;. The upper curves have been shifted vertically
for clarity.

doped glasses. The partidBsc(r) and Gog(r) show no
pronounced peaks, which indicates that the chlorine ions are
very weakly connected to the B-O network in these glasses.
The first CI-Cl peak is broad and no secokid Cl peak is The model of Krogh-Moe for the structure of borate
observed, indicating that no largstCl clusters are present glasse® suggests that the glass structure is locally built up
and that any local “saltlike structures” of the present glassedy the same structural units as in the corresponding crystal.
are very disordered. The model has been supported by many
The disordered nature of the salt ion distributions is alsdnvestigationg®-53%° which have shown that the arrange-
supported in Figs. 14) and 14b), which show the distribu- ment of the network-modifier atoms in metal oxide modified
tions of M-O and M-CI coordination numbers for glasses are very similar to that of the related crystals. Since
LiCI-Li ,0-2B,0; and NaCl-NaO-2B,0,, respectively. The the short-range order of the boron-oxygen network seems to
figures show that most of thi!l ™ ions are coordinated to be almost unchanged by the introduction of the metal-halide
both oxygens and chlorine ions and that many different comsalt we suggest that also the metal-halide-doped borate
binations of coordinations are likely to exist, although oneglasses investigated here are built up by similar borate units
again can suspect that the coordination distributions in thas in the crystalline counterparts.
model configurations may be too disordered. The average In the previous section we found that the reason for the
Li-Cl and Na-Cl coordination numbers €3.2 A) are esti- decreased correlation lengtin the sense that the FSDP
mated to 1.3 and 1.5, respectively, and the average Li-O anehoves to highe®) in the LiCl-doped glass is that there is no

V. DISCUSSION
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particular intermediate range characteristic distance. Rathejroups, while the LiO-2B,0; glass consists of the four bo-
there are voids within the B-O network of a wide variety of rate configurations, diborate, tetraborate, metaborate, and
sizes[see Fig. 1()], which would then not give rise to any |oose BQ~ units, as suggested frotfB NMR results*52
particular lowQ feature in the structure factor. The struc- |n terms of intermediate-range structure, this is an important
tural picture is different from that of the corresponding Agl- difference between the two glasses, because the four borate
doped borate glags,for which Agl doping results in a sig- configurations in LiO-2B,0; have all very different shapes
nificant ordering between neighboring network segmentand sizes. Hence, the fewer kinds of structural units in the
with a characteristic length of about 8 A. This is consistentNa-borate glass would cause a more well-defined distance
with the experimental observation for the Agl-doped glasse®etween the structural units and thereby also the observed
of a new intense sharp diffraction peak appearing at abouttronger intermediate-range ordering. The results support the
0.8 A~ From structural pictures it was easy to recognize aNMR result§®>® and indicate that the Na-borate glass is
characteristic distance between neighboring “chains” ofslightly more ordered on an intermediate length scale than
8+3 A. The B-O network for the present LiCl-doped glass isthe Li-borate glass.
much more disordered and it is not possible to identify any When the dopant salts LiCl and NaCl are introduced the
typical distance between neighboring borate segments. THESDP of the B-O network may disappear due to the fact that
large differences in the intermediate structure between ththe dopant ions expand the glass network very inhomoge-
lithium and silver borate glasses are likely to arise from theneously and produce a wide variety of distances between the
different ionic-covalent characters of the lithium and silverborate groups, which are likely to be the same as in the
ions. The Ag ions have a much larger electronegativity andcorresponding undoped glasses. This is the most probable
thus a larger tendency to form bonds with significant covateason for why no low® peak is observed in the neutron
lent character than the Liions. Therefore, it seems that the diffraction data for LiCI-L,O-2B,05. A similar phenomenon
silver and iodine ions have the ability to cross link betweenoccurs when NaCl is added to d&2B,0,. In this case, the
different B-O segments and thereby cause the observed iposition of the FSDP remains unaffected; however, its inten-
termediate ordering between neighboring borate chain segity decreases dramatically an the RMC-produced structural
ments. The cross-linking behavior of the silver and iodinemodel indicates that the origin of the peak is completely
ions is also likely to be the reason for the larger expansion oflifferent for the doped glass. The correlations within the B-O
the B-O network and the significantly lower averalgleO  network are only giving rise to a very weak peak at about
coordination number in the Agl-doped glass, compared td.2 A~ and an increasing intensity towar@s=0, which is
the LiCl-doped glass. The larger ionic character of thethe reason for the experimentally observed broadening of the
lithium ions make such cross linking much weaker and lessow-Q side of the FSDP.
directional, and the intermediate structure of the B-O net- Next, we turn to the implications of the present structural
work will be much less affected than in the case of Aglfindings for the possible relation between structure and con-
doping. It is more likely that Li ions just stick into the ductivity. Since the local-structural arrangements of the in-
available voids within the glass network or coordinate to thevestigated glasses are very similar to the corresponding crys-
chlorine ions(if they are present This also explains the talline structure$>*¢4%and these crystals have negligible
remarkably small differences observed in the IQwange of  ionic conductivities, we suggest that the much higher con-
the structure factor when ;B is network modified with  ductivities of the glasses are not due to any specific local-
Li,O. The structural pictures of the lithium borate glasses arstructural arrangement. Rather, the intermediate-range disor-
also in agreement with a structural model in which the glassler and the lower average number density leads to a more
network is built up by a disordered mixture of different kinds open structurgat least locally and the creation of voids and
of borate configurationgdiborate, tetraborate, metaborate, pathways within the structure in which the ionic diffusion
etc) of different sizes. The introduction of a dopant salt will can take place. The mobility of the cations will then increase
tend to decrease the density of the glass network and makeith increasing dopant concentration due to the fact that the
the overall packing of these borate configurations less densadded metal-halide salt causes an expansion of the host glass
The created voids will, as mentioned above, have a largaetwork, which, in turn, facilitates widening of existing
range of sizes and they will be partly filled with lithium and doorways and opening of new pathways. There are likely
chlorine ions. also effects due to a reducdl-O coordination number and

A similar structural model for the Na-borate glassesthereby a lowering of activation barriers for metal ions close
seems to be in rather good agreement with the experiment&d halide ions. In fact, by combining the present structural
findings if one takes the short-range differences between thiindings with previous investigatioffs 2 it is evident that
lithium and sodium borate glasses into consideration. Sincéhe local structure around the cations, the accessible free vol-
the cations predominantly bridge between oxygens of differume, and the ionic conductivity are all closely linked. It is
ent BQ,~ groups>®®and theM-O distance is larger for Na likely that it is the different ionic-covalent characters of the
than for Li",® the Na-borate glasses should have lowercations and the different sizes and polarizabilities of the salt
number densities and longer length scales of the density fludgons that determine the coordinations of the cations. These
tuations than the corresponding Li-borate glasses, providelbcal differences induce structural differences also on an in-
that the intermediate structural ordering is similar for the twotermediate length scale, which, in turn, affect the accessible
glass systems. The sharpness of the FSDP may seem to befiae volume. As an example, we can take the comparably
contradiction to such a loose random-packing model of diffow average Ag-O coordination numbers and large
ferent borate configurations. However, it may be explainedntermediate-range ordering within the BO and PO network
by the fact that the N®-2B,0; glass contains only diborate of the Agl-doped borafé and phosphate glass&avhich are
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likely caused by the large electronegativity of the "Aign. particular intermediate range ordering in the glasses, apart
These structural features give rise to a larger accessible frdeom that given by packing and requirements to keep the
volume for the cations, and thereby also a higher ionic conconnectivity of the network. This is then in contrast to earlier
ductivity, than in the more disordered LiCl- and NaCl-dopedfindings for silver-halide-doped borate glas$esiowever,
borate glasses, which also have higher aveidg® coordi-  the sodium borate glasses appear to be slightly more ordered
nation numbers. Thus, although the accessible free volume B an intermediate length scale than the corresponding
determined by the microscopic interactions we recognize thdtthium glasses. This may be an effect of that the network of
Tuller and Button'§! general idea that an open glass struc-the Na-diborate glass is built up almost entirely by diborate
ture is essential for high ionic conductivity seems to hold forgroups, whereas in the Li-diborate glass many different kinds
the present glasses as well as for most salt-doped oxidef borate groups of different shapes and sizes are present.
glasse$? Finally, we note that the experimental results show The short-range order of all the glasses appears to be very
no evidence of any metal-halide clusters of significant sizeSimilar to that of the corresponding crystalline compounds.
Hence, the present results imply that structural models fof hus, we find no particular short-range ordering that can
ion conduction based on relatively large salt clustersl(Q ~ €xplain the high ionic conductivity of the glassy state.
A) (Refs. 16—22 can immediately be rejected for these Rather, we suggest that for the modified but undoped glasses
glasses, as well as for the Agl-doped borate, phosphate, mé-is the more open and disordered structure that is the main
lybdate, and tungstate glas$8s2® cause of their much higher conductivities than for the crys-
tals. The role of the dopant salt is then, apart from providing
more charge carriers and reducing the averdg® coordi-
nation number, to further expand the glass network and
The following picture of structures  of thereby to promote the formation of open doorways and

(M2),(M,0-2B,03);—x  (M=Li,Na and Z=CI,Br) pathways in the structure suitable for ion conduction.
emerges from using neutron diffraction experiments and re-

verse Monte Carlo modeling. The dopant metal-halide salt
does not affect the short-range order of the B-O network, i.e.,
the nearest-neighbor distances and the connectivity of the This work was financially supported by the Swedish
network are preserved. Instead the metal and halide ions eMNatural Science Research Council. We thank Dr. R. L.
ter voids of the structure and simultaneously expand théMcGreevy for providing the RMC code and for helpful dis-
boron-oxygen network. There does not appear to exist angussions.

VI. CONCLUSION
the
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