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Sodium distribution in sodium tellurite glasses probed with spin-echo NMR

J. W. Zwanziger, J. C. McLaughlin, and S. L. Tagg
Department of Chemistry, Indiana University, Bloomington, Indiana 47405

~Received 21 February 1997!

We present results on the spatial distribution of sodium cations in sodium tellurite glasses as a function of
sodium oxide content, obtained using a spin-echo NMR experiment. Glasses were studied with sodium oxide
content ranging from 10 to 30 mol %. From the decay rate of the spin echo we infer the proximity of sodium
nuclei at each composition. We found that at low sodium oxide contents the data are well modeled by a random
distribution of sodium ions, with a closest approach distance of 3.2 Å in correspondence with sodium tellurite
crystal structures. At higher sodium oxide contents, however, the data agree with sodium distributions that
have extensive intermediate range order, on length scales of at least 10 Å. This ordering is most pronounced at
20% sodium oxide content, the composition at which this glass has been claimed to have maximum stability
against devitrification.@S0163-1829~97!04233-1#
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I. INTRODUCTION

While glasses form with no long-range atomic order,
dering on intermediate length scales is emerging as an
portant aspect of glass structure.1–3 Here the length scale i
divided into three regions: The short length scale exte
over typical chemical bond distances, and reflects orde
due to covalent and ionic interactions; intermediate leng
extend to cover recurring aggregates of atoms, and can
tend from several Å~small rings! to tens of Å; and the long
length scale begins where the intermediate scale leaves
Ordering in glasses on short length scales is common
well established, and merely indicates that the short-ra
forces in glasses are not significantly different from those
crystals. In particular, bond lengths in glasses deviate b
most a few percent from those in crystals; bond angles s
greater variation, but typically 10% or less.

Glass structure at intermediate length scales reflects
propensity of the system to form extended aggregates, w
nevertheless pack randomly and are themselves some
disordered. The size and types of these units may determ
several bulk properties, including the ultimate limit of hom
geneity of a given composition and its stability against d
vitrification.

The experimental detection and analysis of structural f
tures on this length scale is quite challenging. Diffracti
studies of glasses, using neutrons or x rays, often show
tures at lowQ @the first sharp diffraction peak~FSDP!# that
are interpreted as indicative of atomic clusters in real spa3

The recent combination of x-ray- and neutron-weigh
structure factors to analyze a single glass leads to much m
insight into the origin of the FSDP, in particular, to whic
atomic correlations it is largely due.1 Structural models,
based on molecular dynamics or reverse Monte Carlo si
lations, have also been constructed to probe the origin
intermediate-range order. In the case of phosphates, for
ample, the latter approach indicated that intermediate-ra
order arises from the extension of the phosphate cha4

while in silicates, molecular dynamics studies suggest c
tering of the modifier ions.2 Raman and NMR spectroscopie
have been used to infer the existence of extended struc
560163-1829/97/56~9!/5243~7!/$10.00
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units in, for example, borate and chalcogenide glasses.
In this paper we present evidence for intermediate-leng

scale ordering in tellurite glasses, obtained with a NMR e
periment directly sensitive to through-space interactio
Whereas tellurite~TeO2) is only a conditional glass former
requiring fast quenching from the melt to obtain glasses,
kali tellurites@(M2O!x~TeO2) 12x , M 5 Li, Na, K, Rb# have
composition ranges of good glass formation that require o
modest cooling rates. These glass families exhibit stab
maxima, in that the difference between the crystallizat
temperature observed upon heating the glass and the
transition temperature itself reaches a maximum as a fu
tion of composition.5 In this sense certain compositions a
most stable against devitrification. This behavior is sho
for ~Na2O!x~TeO2) 12x glasses in Fig. 1. The stability max
mum is achieved at about 20 mol % added Na2O. Interest-
ingly this system also displays a crystalline phase at
composition.6,7

The relationship between the glass structure at the ato
level and bulk properties, such as the stability agai
devitrification, is undoubtedly complex. In the case
~Na2O!x~TeO2) 12x glasses the atomic structure undergo
substantial changes as a function of composition, beginn

FIG. 1. Difference between crystallization temperatureTX ~upon
heating the glass! and glass transition temperatureTg, scaled toTg

for sodium tellurite glasses as a function of Na2O content. After
Ref. 5.
5243 © 1997 The American Physical Society
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at about the 20 mol % composition. At this composition t
coordination number of oxygen around the sodium cati
begins to decrease, from nearly 6 at compositions less
20 mol % to about 5 at the 35 mol % composition.8 More-
over, the typical sodium environment at the 20 mol % co
position differs substantially between the glass and the c
tal, with the glass showing themore symmetric local
environment. These findings indicate that, while the coo
nation of the sodium itself does not deviate markedly fro
typical behavior in solid oxides,8,9 the glass structure as
function of composition begins to change substantially at
20 mol % composition.

Changes in the glass structure have been suggested a
Raman10,11 and diffraction12 studies, which have focused o
the tellurite network. As sodium oxide~or any modifier! is
added, the network is cleaved, eventually resulting
TeO3

22 ions at high modification levels. This process,
quantified by the appearance of nonbridging oxygen,
been inferred from vibrational spectroscopy and neutr
diffraction experiments. No dramatic changes near the
mol % composition were suggested, however.

In the present contribution we report experiments t
measure the distribution of distances between pairs of
dium cations in~Na2O!x~TeO2) 12x glasses. These measur
ments show evidence of substantial intermediate-range
dering in the sodium distribution at the 20 mol
composition. Compositions on both sides of this value sh
less ordering. We note that the 20 mol % composition co
cides with the composition at which maximum stabili
against devitrification has been measured.5

II. EXPERIMENTAL METHODS

A. Sample preparation

~Na2O!x~TeO2) 12x glasses were made by combinin
TeO2 with Na2CO3, and heating to 800 °C for 15 min. B
this time gas evolution had ceased. The liquids w
quenched by pouring onto stainless steel. Electron mic
probe analyses indicate that the final compositions are a
rate to within two percentage points. The sodium-contain
crystals ~Table I! studied were purchased and used as
ceived.

B. NMR experiments

The NMR experiment employed was a spin echo w
variable dephasing time.13–15 The pulse sequence i
(p/2)x-t-(p)y-acquire, that is, a preparation pulse, follow
by a dephasing timet, followed by a refocusing pulse. Th
resulting echo forms at timet after the refocusing pulse. A
discussed in more detail below, the echo amplitude decre
with increasingt, due to magnetic dipole interactions th
are not refocused by this pulse sequence. The rate of dep
ing is quantified by the second momentM2 @Eq. ~2!, below#,
which contains information about the distances between
clei. The goal of the experiment is to measure and interp
M2 as a function of glass composition.

The experiments were carried out on a home-built NM
spectrometer and an 8.46 T magnet, resulting in a23Na Lar-
mor frequency of 95.2 MHz. The data presented were
quired at room temperature; to ensure that ion motion did
s
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induce additional dephasing, selected glass samples w
studied at 170 K. No differences between the dephasing
havior at the two temperatures were observed. Moreove
300 K in these samples, no sodium line narrowing or ot
evidence of significant ion motion is seen. This is in contr
to silicate glasses, where ion motion has been shown to
fect this experiment.14

Moderate pulse powers were used, such that thep/2 pulse
times were typically 5–7msec. This condition resulted in
full excitation of the 23Na central transition, with minima
coherence in the satellite transitions.13,14 This is understood
by realizing that the excitation bandwidth of a pulse
roughly n rf51/t2p Hz, wheret2p is the duration of a reso
nant 2p pulse, while the linewidth of the central transition
Dn ~which includes chemical shift and second-order quad
pole effects, in addition to dipole couplings!, and is known.
The necessary pulse power is then given by the condi
n rf /Dn*1, because under this condition the central tran
tion is completely excited, with little extra bandwidth ava
able to excite the satellites. Note the dependence on p
power, not the Fourier components due to the finite pu
length. To be sure, a small fraction of crystallites will b
oriented such that their satellite transition frequencies
within the excitation bandwidth, leading to a small but u
avoidable systematic error. However, in the glasses stu
here, the quadrupole couplinge2Qq/h is of order 1.5–2
MHz, leading to a satellite spectral width of 0.75–1 MH
our effective bandwidth was'36 kHz. Thus our bandwidth
was at least a factor of 20 smaller than the satellite spectr
leading to minimal contamination of the signal by the sat
lite transitions. To explore the pulse power depende
quantitatively we measuredM2 as a function of excitation
bandwidth, for a crystalline sample of knownM2. The re-
sults show that the best results forM2 are achieved at
n rf /Dn'2–5.

A particularly important experimental detail was the u
of small samples, typically 25% of the volume of the radi
frequency coil, and centered in the coil.13 This geometry
minimizes inhomogeneity effects at the ends of the coil, a
was essential to the success of the experiments. The ex

TABLE I. Experimental (M2E) and calculated (M2C) second
moments, in units of 106 rad2 sec22, for crystalline model com-
pounds and sodium tellurite glasses.

Crystal M2E M2C M2E /M2C

NaClO4 ~Ref. 22! 3.4 3.2 1.06
NaNO3 ~Ref. 23! 6.4 5.4 1.20
Na2C2O4 ~Ref. 24! 10.2 11.5 0.89
Na2SO4 ~Ref. 25! 12.8 12.7 1.01
Na2TeO3 ~Ref. 19! 9.2 13.3 0.70
Na2SO3 ~Ref. 26! 12.8 16.0 0.80

Glass

(Na2O)0.10(TeO2)0.90 0.90
(Na2O)0.15(TeO2)0.85 1.3
(Na2O)0.20(TeO2)0.80 5.5
(Na2O)0.25(TeO2)0.75 5.8
(Na2O)0.30(TeO2)0.70 6.7



se
bi
a
a

ys
fo
h
as

.

en
o

in
o
a
s
e

the

in
nd

the
he
to
ion
be

r-
e in
in
nce.

ons
r
the
have

due
nd
the

-

-

ions

in
ing

n,

la
e

la

ro
ha
o

56 5245SODIUM DISTRIBUTION IN SODIUM TELLURITE . . .
ments were run multiple times on each sample, and on
eral samples of identical composition, to check reproduci
ity. The experimental precision judged from these runs w
satisfactory, being on the order of 10%. The accuracy w
determined by studying a range of sodium containing cr
tals with known structure. Here we found, especially
largeM2, that the data systematically underestimate the t
oretical result, by typically 10%. This level of accuracy h
been seen in other applications of this method,14,15 and we
take it into account in the interpretation of our data below

III. RESULTS

Figures 2 and 3 show data from the spin-echo experim
for one glass composition. The experiment was performed
~Na2O!x~TeO2) 12x glasses of compositionx50.10–0.30.
Data on selected compositions were also acquired
2110 °C. These data were indistinguishable from those
ambient temperature, indicating that ion mobility
~Na2O!x~TeO2) 12x was negligible in its effect on the ech
amplitudes. The same experiment was performed on a v
ety of sodium-containing crystalline salts, to use as check
the accuracy and precision of the data. The second mom

FIG. 2. Normalized spin-echo amplitudes, as a function of de
time, for sodium in (Na2O)20(TeO2)80 glass. The amplitudes ar
plotted on a logarithmic scale; the slope of the data is2M2/2,
whereM2 is the second moment of the resonance line.

FIG. 3. Normalized spin-echo amplitudes, as a function of de
time, for sodium in (Na2O)20(TeO2)80 glass, plotted out to long
refocusing times. Also shown is the Gaussian decay derived f
the short-time data. Note the strong deviation from Gaussian be
ior at longer refocusing times. This occurs because of the imp
tance of higher moments to describe the dynamics.
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extracted from this data are summarized in Table I, for
crystalline compounds and the sodium tellurite glasses.

IV. DISCUSSION

A. Theoretical foundation

Dipolar dephasing is well known as a probe of distance
solids as applied to spin-1/2 nuclei like phosphorus-31 a
carbon-13; its use for quadrupolar nuclei~spin I .1/2) has
been only recently developed and exploited.13–15 The echo
intensity decays with lengthening refocusing times due to
magnetic dipolar interactions between sodium nuclei. T
dipole-dipole Hamiltonian is a perturbation with respect
the dominant Zeeman Hamiltonian, and so only the port
that commutes with the Zeeman Hamiltonian need
retained:16

HD
0 5

1

4
g2\2(

j ,k

123cos2u jk

r jk
3 ~3I jzI kz2I j•I k!. ~1!

Here g is the gyromagnetic ratio of23Na, j and k label
different sodium nuclei, with spinI j andI k, respectively, and
separated by distancer jk . u jk is the angle between the inte
nuclear vector and the applied magnetic field, taken to b
the z direction. Because the dipole interaction is bilinear
the spin operators, it is not refocused by the pulse seque
This happens essentially becauseboth spin operators are
flipped, leading to no change. In contrast, other interacti
that are linear inI j , including chemical shift, heteronuclea
dipole interactions, and the central transition subject to
second-order quadrupole effect, are refocused and thus
no effect on the echo amplitude.

The echo decay describes the resonance linewidth
solely toHD

0 , and can be simply approximated as the seco
moment of the resonance line. For short refocusing times
decay of the echo amplitudeI (2t) is dominated by the sec
ond moment, and hence has a Gaussian form

I ~2t!

I ~0!
5exp@2M2~2t!2/2#. ~2!

The second momentM2 follows from a second-order pertur
bation theory treatment of the evolution due toHD

0 . For a
quadrupolar nucleus, the result depends on which transit
are being excited; Haase and Oldfield13 have derived the ex-
pression

M25
9

4
ELg4\2(

j ,k

~123cos2u j ,k!
2

r j ,k
6

, ~3!

where the factorEL incorporates matrix elements of the sp
operators between the levels being excited. After averag
over all anglesu jk and using constants appropriate to23Na,
the resulting expression for the central transition is

M252.663109(
j ,k

1

r jk
6

rad2/sec2. ~4!

It is important to note here that Eq.~4! presumes selective
excitation and detection of only the central transitio
uI 53/2,M51/2&↔uI 53/2,M521/2&, of the spin-3/2 nu-
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clei. This condition has been discussed in detail by Ha
and Oldfield,13 and is achievable when, as in the prese
case, the quadrupole interaction is large.

From the slopes of graphs of lnI(2t)/I(0) plotted as a func-
tion of (2t)2 ~Fig. 2!, we extractM2 and hence information
about the distances between sodium nuclei in the glass.
resulting M2 values for ~Na2O!x~TeO2) 12x glasses are
shown in Fig. 4. The slopes were taken from the early p
tion of the decay curves, with 50&t&200 msec. This time
corresponds to the first 10–25 % of the decay~less the initial
few percent, Fig. 3!, where the time scale is set byM2

21/2. At
longer times, higher moments influence the dynamics,
plots like Fig. 2 deviate from linearity. The linearity of th
data in this range shows that higher moments, which wo
induce dynamics liket4, etc., are not yet important. Anothe
advantage of this mode of data analysis is that the dat
very early times, which can be problematic to acquire w
precision, are not needed.14

The information on intersodium distances contained
M2 is not simple to interpret. While the form of Eq.~4! is
explicit, it is only useful for crystals, for which allr jk are
known. For glasses it is convenient to rewrite Eq.~4! in
terms of the sodium-sodium pair distribution functiong(r ).
This is done by replacing the sum in Eq.~4! with an integral,
and realizing that the weight contributed at each distancer is
given by the value of the sodium-sodium radial distributi
function at that distance. Thus we have

M2}(
j ,k

1

r jk
6
→E 4pr 2r0g~r !

r 6
dr, ~5!

wherer0 is the bulk number density of sodium and the i
tegration is over the sample.

From Eq. ~5! we see thatM2 yields ^r 26&, where the
averaging is carried out with respect to the sodium rad
distribution function. ThusM2 strongly emphasizes the co
relations in the first few shells of atoms, with neighbors f
ther away contributing little. The experimental length sc
can be estimated from Eq.~5!, by approximatingg(r ) by

g̃~r !5H 0 r ,R0 ,

1 R0<r<Rs ,
~6!

FIG. 4. M2 as a function of composition in
~Na2O!x~TeO2) 12x glass. Two features should be noted: the ove
monotonic increase and the sharp rise at the 20 mo
composition.
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whereR0 is the closest approach of the sodium nuclei a
Rs is the sample size. This simple estimate lets us evalu
M2, and in particular the dependence ofM2 on the interac-
tion length scale,

M2~R!}E
R0

R 4pr 2r0g~r !

r 6
dr. ~7!

Of particular interest is the ratioM2(R)/M2(Rs), whereRs
is the sample size (Rs@R0). This ratio shows the length
scale beyond whichM2 changes negligibly. Using Eq.~6! to
solve M2(R)/M2(Rs)50.95 ~that is, the value ofR for
which M2 has reached 95% of its ultimate value! leads to
R'201/3R0. Therefore, sinceR0'3–4 Å for sodium oxides,
this experiment yields information on correlations out
about 8–10 Å, or 2–3 coordination shells of sodium arou
sodium.

We also wish to point out that by formulatingM2 in terms
of g(r ), the data from this type of experiment can be inco
porated into modeling schemes such as reverse Monte C
algorithms.17 While an integral ofg(r ) is not nearly as sharp
a constraint asg(r ) itself on a structural model, in man
cases the alkali partial pair distribution function is not ava
able anyway. In such casesM2 data provide a useful mode
constraint to be used as a supplement to the total~neutron- or
x-ray-weighted! pair distribution functions. We are currentl
attempting to useM2 data in this way to model alkali tellu
rite glasses in real space.

B. Structural interpretation of the second moment

The utility of the present experiment has been dem
strated by Haase and Oldfield13 and Gee and Eckert,14 by
comparing experimentalM2’s obtained on crystalline
samples to theoretical results based on evaluating Eq.~3!.
Our own comparison is contained in Table I, where it is se
that the accuracy is such that the experiment is useful
estimating qualitative trends, but not sufficiently high to d
criminate between very similar structures. The table in
cates that at lowM2 the experiment overestimatesM2, while
at highM2 the values obtained are low. However, note th
the crystals used with lowM2 ~NaClO3 and NaNO3) also
have small values of23Na quadrupole coupling (,1 MHz!,
which increases the systematic error in this experiment.
the glass samples, the quadrupole couplings are la
(.1.5 MHz!, similar to the crystals in Table I with high
M2’s, though the glassM2’s are themselves on the low en
of the range. Because of these various possible source
systematic error, we used all the crystal calibration d
uniformly, by fitting it to the linear relationship
M2C5(1.160.1)M2E2(0.260.8)3106 rad2 sec-2. This fit
indicates that the experimental values should be scaled
1.1 before comparison with structures~we take the intercep
to be zero!. This factor is similar to that found in othe
applications.14,15 In the following discussion we will always
use this factor when comparing our data on glasses to m
distributions.

A full model of the glass structure would include th
sodium-sodium pair distribution functiong(r ). Inverting the
M2 data to obtain it, however, is not possible in a uniq
way. To extract structural information fromM2 we must

ll
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56 5247SODIUM DISTRIBUTION IN SODIUM TELLURITE . . .
compare to plausible structural models, and look for gen
trends inM2 as a function of composition.

Our measurements ofM2 show two gross qualitative fea
tures: a monotonic increase with increasing sodium con
and a sharp rise near the 20 mol % composition. The mo
tonic increase is expected, since as the sodium content in
glass increases, the intersodium distance decreases. O
other hand, the remarkable rise at the 20 mol % composi
is unexpected, and significantly exceeds the error limits
posed by the calibration. Thus there is a substantial chang
the sodium ordering at this composition.

To interpret the data more fully, we compare the me
suredM2’s to those extracted from model distributions. W
considered three types of models: sodium distributions
tracted from isotropically dilating or compressing known s
dium tellurite crystal structures, to obtain the correct sodi
number density; random decimation of sodium tellurite l
tices; and hard sphere distributions. All of these models p
duce monotonic increases inM2 with increasing number
density, though in different ways. The isotropically com
pressed models giveM2;r 26;r2, because the number o
interacting sodium is fixed, and only their distances are
tered. The decimated lattice models showM2;r, because
here the distance between sites is fixed, but the occupanc
each site is determined byr. Hard sphere distributions at th
low densities appropriate here also showM2;r. Fits to the
data ofM2;r2 andM2;r are shown in Fig. 5. The figure
shows that both types of models capture the monotonic
crease, though neither fits the data in detail. This is beca
of the sharp increase at the 20% composition, which sh
that the glass structure undergoes a qualitative change a
above this composition.

While the isotropic compression model captures
monotonic increase inM2, it imposes other, unphysical con
straints on the glass structure. In particular, it demands
all the bonds must be lengthened or compressed to ach
the correct glass density. It is well known that disorder in
bond lengths in glass is not a significant feature of th
structures, with variations of no more than a few percen
compared to crystals. Therefore, we rejected the isotro
compression models as being unphysical.

The hard sphere model was constructed by conside
the radial distribution function of a hard sphere liquid at t

FIG. 5. M2 data and fits toM2;r2 andM2;r. The quadratic
form is appropriate for isotropic dilation models of the sodium d
tribution, and the linear form for both decimated lattice and h
sphere distributions.
al

nt
o-
he
the
n
-
in

-

x-
-

-
-

l-

of

-
se
s
nd

e

at
ve
e
ir
s
ic

g

same number density of each glass. Note that we do
mean to suggest that the sodium ions in tellurite glasses
have dynamically like a hard sphere liquid, but rather that
a first approximation their distribution in space can be mo
eled by the atomic distribution of a hard sphere liquid,
some particular instant in time. The hard sphere models w
generated using 3.2 Å as the closest approach distance.
value was chosen based on the known sodium tellurite c
tal structures@Na2Te4O9 ~Ref. 6!, Na4Te4O10 ~Ref. 18!, and
Na2TeO3~Ref. 19!# for which the sodium ions never ap
proach closer than this value. This is much larger than
ionic radius of sodium, of course, because the sodium cat
are coordinated by oxygen and thus are always separate
at least one oxygen coordination shell, leading to the lar
minimum distance. The resulting packing fractions for t
hard sphere liquids were of order 0.1–0.2, far below
packing fraction at which a hard sphere liquid crystallizes20

An example ofg(r ) constructed in this way for the 20 mol %
Na2O glass is shown in Fig. 6~a!. From theg(r ) for each
model,M2 was calculated, using Eq.~5!. TheseM2 increase
essentially linearly with sodium density over the range st
ied, much more like the glass data.

Decimated lattice models14 were constructed by startin
from the crystal structures of sodium tellurites with sodiu
densities higher than the target glasses. We made two
models, starting with Na4Te4O10 ~Ref. 18! and Na2TeO3
~Ref. 19!. Na2Te4O9 was not used, because it could not

-
d

FIG. 6. Sodium pair distribution functionsg(r ) for two model
distributions:~a! the hard sphere model, with closest approach
3.2 Å, and number density matching the~Na2O!x~TeO2) 12x glass,
with x50.2 ~20 mol % Na2O!; ~b! decimated lattice model base
on the Na2TeO3 crystal structure, with sodium removed at rando
to achieve the number density of the glass with 20 mol % Na2O.
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decimated and still cover the glass range investigated in
experiment. From the crystal structures used in the mod
sodium ions were removed randomly until the number d
sity corresponding to each glass composition was reac
Theg(r ) of the resulting distribution was calculated, as w
M2 @Fig. 6~b! shows theg(r ) constructed in this way for the
20 mol % Na2O glass based on the Na2TeO3 crystal struc-
ture#. The M2 values again varied essentially linearly wi
density, as did the coordination number of sodium arou
sodium. Theg(r )’s for the two classes of model are ve
different, however~Fig. 6!. For the hard sphere mode
g(r )'1 for r *8 Å, while g(r ) for the decimated lattice
models oscillates to some tens of Å, showing that the d
mated lattice models are much more ordered. Figure 7 sh
the M2 values for the different models, overlaid with th
experimental points. While all models capture the gene
trend of the data, and the magnitude, with no adjustable
rameters, they fail to model the sharp increase inM2 at the
20 mol % composition.

To make a detailed comparison between the data and
models, we subtract the modelM2 from the experimenta
M2, and scale by the model value. These plots are show
Fig. 8 for the three models. Figure 8~a! shows that at low
sodium content the sodium ions are perhaps slightly far
apart on average than those in the hard sphere model, th
given the error bars this difference may be insignificant. T
differences at 20 mol % and above are significant, howe
and show that a greater number of ions are found at c
distances than in the hard sphere model. Taking the h
sphere model as the random reference system, we inte
this difference as a decrease in randomness, in other w
the growth of order, at these compositions. The 20 mo
composition shows the greatest degree of sodium orderin
this sense.

In Figs. 8~b! and 8~c! we compare the experimentalM2 to
the two decimated lattice models. Both models show a lin
increase inM2 with increasing sodium content, though wi
slightly different slopes. The difference in magnitude a

FIG. 7. M2 values for the sodium tellurite glasses and differe
model distributions, as a function of sodium composition:h, hard
sphere distribution at experimental sodium number density, with
Å closest approach;n, lattice model constructed by removing s
dium at random from the crystal structure of Na2TeO3 until correct
number density is achieved;L, same asn but starting from
Na4Te4O10 crystal structure.d, experimental M2 values for
~Na2O!x~TeO2) 12x glasses;m, calculatedM2 values for crystalline
sodium tellurites.
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slope is a result of the different coordination numbers
each crystal: Na2TeO3 has a sodium-sodium coordinatio
number of 7, while Na4Te4O10 has a coordination number o
4. A higher coordination number means that a larger num
of sodium ions remain around a given sodium ion at a
concentration, resulting in a correspondingly largerM2. The
M2 values for both decimated lattice models are larger at
given composition thanM2 from the hard sphere model; thi
is because the lattice models are much more ordered. At
sodium content,M2 is lower for the glasses than for thes
models, indicating that the sodium ions are farther apart.

t

.2

FIG. 8. Difference between experimentalM2 and modelM2,
normalized to the model value, as a function of composition. T
plot shows detailed deviations between the model and the data,
subtracting out the monotonic increase due to increasing sod
density. d, experimental values for~Na2O!x~TeO2) 12x glasses;
m, calculated values for crystalline sodium tellurites.~a! Compari-
son with the hard sphere model;~b! comparison with the decimate
lattice model based on Na2TeO3; ~c! same as~b! but based on
Na4Te4O10. Note differences in vertical scale between~a!, ~b!, and
~c!.
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20 mol % sodium the experimentalM2 is higher than those
of the decimated lattice models, again indicating that the i
are in closer proximity in the glass than in these refere
systems. At sodium content greater than 20 mol %, the
ond moment is significantly greater than that of the mo
based on Na4Te4O10, while for the model based on
Na2TeO3 the difference is within the error limits of th
experiment. Figure 8~b! thus suggests that the local sodiu
ion packing in the glasses at higher compositions is sim
to that in the decimated lattice model based on
Na2TeO3 crystal.

Thus, as judged byM2, the sodium distribution at low
sodium content is consistent with a hard sphere distribut
while at 20 mol % and above it is most consistent with th
obtained from a decimated lattice based on Na2TeO3. The
g(r )’s for these models~Fig. 6! show that the decimate
lattice is much more ordered, but of particular importance
the small-r region where the present experiment is most s
sitive. The amplitude ofg(r ) in the two cases suggests th
the structural change seen at 20 mol % may be one f
well-separated, randomly placed cations~the hard sphere dis
tribution! to clusters of cations@note the strong peak in
g(r ) for the decimated lattice model at'3.5 Å#.

V. CONCLUSIONS

The present experiment probes the spatial distribution
sodium in~Na2O!x~TeO2) 12x glasses, as a function of com
position. The basic quantity extracted is a weighted aver
of the sodium radial distribution function, specifical
^r 26&. To interpret this in terms of distributions we compa
to model systems, finding that both a random hard sph
distribution of sodium atoms with closest approach dista
of 3.2 Å @as found in crystalline~Na2O!x~TeO2) 12x phases#
.
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and decimated lattice models based on Na4Te4O10 and
Na2TeO3 capture the simplest aspects of the data. Howe
there appears to be a significant increase in cation proxim
near the 20 mol % composition, as compared to a rand
distribution. Moreover, we have previously shown that t
individual sodium sites in the 20 mol % glass are marke
different from those of the Na2Te4O9 crystal.8 That earlier
result combined with the present measurements indicates
the elements of the glass structure due to the cations d
significantly from the crystal, both in the geometry of th
cation coordination sites and in their spatial distribution. T
difference is most marked at the 20 mol % compositio
which coincides with the composition of maximum gla
stability.5 Our conclusion is that, because the structure
crystal and glass differ so substantially at this compositi
the glass is especially stable against crystallization on h
ing, since evidently it would have to undergo too large
structural rearrangement given the amount of thermal ene
available.

The ordering of the sodium is not immediately apparen
the structure factors obtained from neutron diffraction, b
cause the Na-Na partial contribution to the total struct
factor is small.21 For example, the first sharp diffraction pea
does not scale in amplitude or location with sodium conte
We are analyzing our neutron-diffraction data more fully,
combine information on the tellurite network with th
present results, and hopefully quantify the above conjec
on the difference between the glass and crystal structure
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