
JOURNAL OF CHEMICAL PHYSICS VOLUME 114, NUMBER 1 1 JANUARY 2001
Structure of alkali tellurite glasses from neutron diffraction and molecular
orbital calculations
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The structure of pure TeO2 and alkali tellurite glasses has been examined by neutron diffraction and
ab initio molecular orbital methods. The experimental radial distribution functions along with the
calculated results have demonstrated that the basic structural units in tellurite glasses change from
highly strained TeO4 trigonal bipyramids to more regular TeO3 trigonal pyramids with increasing
alkali content. It has also been shown that the TeO3 trigonal pyramids do not exist in the form of
isolated units in the glass network but interact with each other to form intertrigonal Te¯O linkages.
The present results suggest that nonbridging oxygen~NBO! atoms in tellurite glasses do not exist in
their ‘‘pure’’ form; that is, all the NBO atoms in TeO3 trigonal bipyramids will interact with the
first- and/or second-neighbor Te atoms, resulting in the three-dimensional continuous random
network even in tellurite glasses with over 30 mol % of alkali oxides. ©2001 American Institute
of Physics. @DOI: 10.1063/1.1328417#
-

s,
r

rd

o

ng

to

he
in

d
o
s
on
g

BO

ho-

rally

ct
ibit

t

een
ali

in-
al

ac-
of

ese
ge
s is
of

ali

g
O
the
I. INTRODUCTION

When alkali oxides (R2O) are added into SiO2 glass, the
Si–O–Sinetwork is broken to form the so-called ‘‘nonbridg
ing oxygens~NBOs!’’ without changing the coordination
number, N, of oxygen around the silicon atoms (N54).
However, addition of R2O into tellurium oxide based glasse
which have attracted much interest because of their high
fractive index, wide infrared transmittance, and large thi
order nonlinear optical susceptibility,1–5 results in much
more complicated structural changes as compared with th
for silicate glasses. As R2O is added into TeO2 glass, which
comprises the TeO4 trigonal bipyramids~tbps!, it has been
proposed that the basic structural unit in the glasses cha
from TeO4 to TeO311 and/or TeO3 trigonal pyramids
~tps!.6–8 Accordingly, the tellurite glasses are believed
consist of isolated structural units such as Te2O5

22 and TeO3
22

having NBO atoms.6,9,10 It has also been suggested that t
structure of alkali tellurite glasses degrades with increas
temperature, accompanied by the conversion of TeO4 tbps
into TeO3 tps as well.7,11

It is most likely that the NBO atoms in tellurite an
silicate glasses will behave as charge compensators of p
tively charged alkali cations incorporated into the gla
structure. It is hence reasonable to expect that the electr
structure of NBOs is basically different from that of bridgin
oxygens~BOs!. Indeed, as for alkali silicate glasses, such
difference in the electronic structure between BO and N

a!Author to whom correspondence should be addressed.
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atoms can be observed as a chemical shift in the x-ray p
toelectron spectroscopy~XPS!;12,13 the O 1s photoelectron
energies for the BO atoms in silicate glasses are gene
higher than those for the NBO atoms by;2 eV. Recently,
Himei et al.,14 however, have shown that the O 1sXPS spec-
tra of alkali tellurite glasses do not show such two distin
peaks that are attributed to BO and NBO atoms but exh
only a single peak; the full widths at half maximum
~FWHM! of the observed O 1s peak almost remain constan
even when modifiers are added into TeO2 glass. These ex-
perimental results suggest that as far as the O 1s photoelec-
tron energies are concerned, one cannot distinguish betw
BO and NBO atoms. That is, all the oxygen atoms in alk
tellurite glasses may have the same electronic structure.

The above experimental results certainly manifest a s
gular nature of the NBOs in alkali tellurite glasses. In actu
tellurite glasses, structural fragments such as Te2O5

22 and
TeO3

22 units presumably interact with each other, and,
cordingly, the electronic structure and charge distributions
these structural units will be affected as a result of th
interactions. Unfortunately, however, complete knowled
about the structure of the glass network in tellurite glasse
still lacking and, therefore, a satisfactory interpretation
these XPS spectra14 has not yet been given.

In this paper, we hence investigate the structure of alk
tellurite glasses by neutron diffraction andab initio molecu-
lar orbital ~MO! calculations on clusters of atoms modelin
the local structures of sodium tellurite as well as pure Te2

glasses. The radial distribution functions obtained from
© 2001 American Institute of Physics
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neutron diffraction measurements will give informatio
about the first-coordination shells of Te, namely, the sh
range structure of the tellurite glasses. On the other ha
cluster calculations will be useful to get a better knowled
about the electronic structure of the glasses. We have pr
ously calculated O 1s photoelectron energies of sodiu
silicate15 and sodium aluminosilicate16 glasses by using ap
propriate cluster models. The calculations have success
reproduced the observed chemical shift between BO
NBO atoms, indicating that the core binding energies
determined mostly by the charge distribution of the first- a
second-coordination environments of an atom of inter
Thus, the present cluster calculations along with the neu
diffraction measurements will provide a new insight into t
unsolved problems concerning the glass network and
electronic structure of alkali tellurite glasses.

On the basis of the experimental and calculated resu
we discuss how the proposed structural fragments intera
form a continuous random network and provide a poss
model about the short- and intermediate-range structure
alkali tellurite glasses.

II. EXPERIMENTAL AND CALCULATIONAL
PROCEDURES

A. Preparation of samples

Glasses of compositionsxLi2O•(1002x)TeO2 ~x50,
10, 20, 30! andxNa2O•(1002x)TeO2 ~x50, 10, 20, 30, 33,
37! were prepared from reagent grade Li2CO3, Na2CO3, and
crystallineb-TeO2 powder by melt quenching. About 10
batches were melted in a Pt-5% Au crucible at 750–800
for 10–20 min. The melts were rapidly quenched down
211 °C by dropping the bottom of the crucible into a free
ing mixture consisting of ice, ethanol, and NaCl, resulting
transparent alkali tellurite glasses, which were shown to
amorphous by x-ray powder diffraction.

B. Neutron diffraction

The neutron diffraction experiments were performed
a high intensity total scattering spectrometer~HIT-II ! with
the time-of-flight pulsed neutron source at the High Ene
Accelerator Research Organization in Tsukuba, Japan.
glass samples were placed in thin-walled~25 mm! vanadium
cell with a diameter of 8 mm. The experiments were carr
out under vacuum at room temperature. Time-of-flight sp
tra were recorded separately for each group of detector
nominal scattering angles of 150°, 90°, 50°, 30°, 23°, 1
and 8°. The data were corrected for subtraction of cell int
sity, absorption, multiple scattering, and normalization w
vanadium standard to obtain the structure factor,S(Q), fol-
lowing the procedure described in Ref. 17. The structure
tor of each sample was truncated atQmax528 Å21, and the
radial distribution function,J(r), was obtained by a Fourie
transformation,

J(r)54pr2r01
2r

p E
0

Qmax
Q@S~Q!21#sin~Qr!dQ, ~1!
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where r0 is the average number density. Furthermore,
introduced a Lorch modification function18 in the integrand
in Eq. ~1! to reduce spurious truncation ripples in the radic
distribution function. In what follows, we will refer to the
radical distribution function modified by the Lorch functio
asJmod(r).

C. Models for ab initio molecular orbital calculations

Previously, we have carried outab initio cluster model
calculations to investigate the vibrational properties of p
TeO2 glass.19 In a previous paper, we used the model clust
consisting of one TeO4 or two TeO4 tbp~s! and have shown
that the basic vibrational properties of TeO2 glass are reason
ably reproduced by this method. In this work, we use a lar
cluster having five TeO4 tbps~model 1, see Fig. 1! to model
the structure of TeO2 glass on the medium-range as well
short-range length scales. The ‘‘surface’’ oxygen atoms
the cluster were terminated by hydrogen atoms, and its
ometry was fully optimized at the Hartree–Fock~HF! and
density functional theory~DFT! levels using the 3-21G basi
set augmented byd functions on the Te~and Na! atom~s!,20

which is referred to as 3-21G(* ). A value of 0.237 was
employed as the exponent for thed functions of Te.21

Becke’s three-parameter hybrid method22 using the Lee–
Yang–Parr correlation functional23 ~B3LYP! was employed
in all DFT calculations.

As a model of alkali tellurite glasses, we first employ t
Te2O5

22~Na1!2 cluster~see Fig. 2!, which can be regarded a
one of the major constituent isolated structural units in
dium tellurite glasses having more than 30 mol % Na2O.
This model consists of two TeO3 unit that shares one bridg

FIG. 1. Optimized structure of the Te5O16H12 cluster ~model 1!. Principal
HF/3-21G(* ) and B3LYP/3-21G(* ) ~values in parentheses! bond distances
are shown in Å.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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461J. Chem. Phys., Vol. 114, No. 1, 1 January 2001 Structure of alkali tellurite glasses
ing oxygen; each TeO3 unit has two terminal Te–O bonds. I
what follows, we refer to this model as model 2. In order
evaluate the size effect on the structure of the model clus
we next employ a larger cluster consisting of thr
Te2O5

22(Na1)2 structural units~model 3, see Fig. 3!. The
geometries of the above sodium tellurite clusters were o
mized at the HF/3-21G(* ) and B3LYP/3-21G(* ) levels
without imposing any structural constraints. As for model
several minimum energy structures are possible to exist
pending the initial configuration used for geometry optim
zation; however, we report here only one optimal struct
since the geometry optimization of such a large cluster
quires a large amount of CPU time. The O 1s photoelectron
energies of the clusters were calculated on the basis of
Koopmans’ theorem,24 which equates the photoelectron e
ergy to the negative value of the one-electron energy of
corresponding orbital calculated at the HF level. As we

FIG. 2. Optimized structure of the Te2O5Na2 cluster ~model 2!. Principal
HF/3-21G(* ) and B3LYP/3-21G(* ) ~values in parentheses! bond distances
are shown in Å.
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pect in view of our use of Koopmans’ theorem, which n
glects the electronic reorganization energy, there may b
considerable discrepancy between calculated and experim
tal energies. However, it has been recognized that for at
in the same molecule the relative energy shifts of the c
levels can be estimated reliably by the this theorem.25

All ab initio MO calculations in this study were per
formed using theGAUSSIAN 94program26 on a supercompute
CRAY T94/4128.

III. RESULTS

A. Neutron diffraction

The structure factors,S(Q), of the xLi2O•(100
2x)TeO2 ~x50, 10, 20, 30! and xNa2O•(1002x)TeO2

~x50, 10, 20, 30, 33, 37! are shown in Fig. 4. We see from
Fig. 4 that all the samples show similar oscillatory behavi
for the high-Q range, indicating very similar short-rang
structures within the glass network. Figures 5 and 6 show
radial distribution functions of the lithium and sodium tellu
rite glasses, respectively.

It is clear from Figs. 5 and 6 that the Lorch modificatio
function considerably reduces truncation ripples in the
spective radical distribution function, but this is accom
plished at the expense of a real-space resolution. The m
differences betweenJ(r) andJmod(r) can be seen in the dis
tance range from;2.0 to;2.4 Å. In J(r) of lithium tellurite
glasses@see Fig. 5~a!#, for example, we see several peaks
this distance range, whereas inJmod(r) @see Fig. 5~b!# such
peaks are smeared as a result of the introduction of the Lo
modification function. It should be noted, however, th
Jmod(r) does show the atomic correlations on the longer d
tance side of the main peak at;1.9 Å for all the glass
samples investigated. We, therefore, consider that the
served peaks in the range from;2.0 to ;2.4 Å that can be
s
-

FIG. 3. Optimized structure of the
3~Te2O5Na2! cluster~model 3!. Princi-
pal HF/3-21G(* ) and B3LYP/
3-21G(* ) ~values in parentheses! bond
distances are shown in Å. Broken line
indicate the intertrigonal Te–O corre
lations in the distance range below
4.5 Å.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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seen inJ(r) of the present glass samples are not artifa
although their peak positions may be affected by poss
truncation ripples. The coordination numbers shown be

FIG. 4. Experimental neutron structure factorsS(Q) of ~a! xLi2O•(100
2x)TeO2 (x50, 10, 20, 30) and~b! xNa2O•(1002x)TeO2 (x50, 10, 20, 30,
33, 37) glasses. Consecutive curves are shifted vertically by 0.5 for cla
Downloaded 11 Mar 2008 to 130.54.110.22. Redistribution subject to AIP
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are hence calculated on the basis of theJ(r) that is not modi-
fied by the Lorch function.

As shown in Fig. 7~a!, the J(r) of pure TeO2 glass ex-
hibits three Te–O correlations forr &2.4 Å. It is worth men-
tioning that the broad Te–O peak inJmod(r) of pure TeO2

glass can also be deconvoluted into three Te–O peak
shown in Fig. 7~b!, confirming that the Te–O peaks in th
distance range from;2.0 to;2.4 Å are not due to the trun
cation ripples. The total coordination number obtained
these Te–O correlations is calculated to be;4 ~see Table I!.
This result indicates that the Te–O correlations in the ra
from ;2.0 to ;2.4 Å correspond to the first coordinatio
shell of the four-coordinated Te, namely, TeO4 tbp units,
although these structural units are expected to be highly
formed in the corresponding glass network.

It is interesting to note that the longer pair correlatio
for ;2.0,r &2.4 Å along with the main Te–O peak a
;1.9Å still remain even when alkali cations are introduc
into the TeO2 structure irrespective of the type of alkali~see
Figs. 5 and 6!. Since natural lithium has a negative scatteri
length, correlations between Li and a nucleus having a p
tive scattering length~e.g., O and Te! result in negative
peaks inJ(r). For example, the nearest Li–O correlatio

y.

FIG. 5. Experimental radial distribution functions ofxLi2O•(100
2x)TeO2 ~x50, 10, 20, 30! glasses obtained~a! without and~b! with using
the Lorch modification function. Consecutive curves are shifted vertic
by 3.0 for clarity.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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will cause a negative peak around 2 Å. However, we do
see such a negative region inJ(r) of lithium tellurite glasses.
On the contrary, as mentioned above, there certainly e
positive correlations in the distance range form;2.0 to;2.4
Å, indicating that these positive contributions inJ(r) of
lithium tellurite glasses are most likely responsible for t
Te–O correlations that overwhelm the negative Li–O con
butions. That is, the coordination environment of Te
lithium tellurite glasses will be characterized not only by
single Te–O distance at;1.9 Å but also by longer (r
*2.0 Å) Te–O correlations. On the other hand, the nea
Na–O correlation will yield a positive peak around 2.3 Å.
relatively large peak at;2.3 Å seen in J(r ) of
37Na2O•63TeO2 glass is hence attributed to the near
Na–O as well as longer Te–O correlations.

In Table I, we show the coordination number,N, of the
first Te–O peak at;1.9 Å in J(r ) of sodium tellurite
glasses. Since the coordination numbers of the other Te
peaks in alkali tellurite glasses are expected to include p
sible errors derived from the Li–O and Na–O correlatio
we did not obtain their coordination numbers. We not
from Table I and Figs. 5 and 6 that the first Te–O pe
becomes narrow with Li or Na addition and its coordinati

FIG. 6. Experimental radial distribution functions ofxNa2O•(100
2x)TeO2 ~x50, 10, 20, 30, 37! glasses obtained~a! without and~b! with
using the Lorch modification function. Consecutive curves are shifted
tically by 3.0 for clarity.
Downloaded 11 Mar 2008 to 130.54.110.22. Redistribution subject to AIP
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number increases up to;3. This implies that the basic struc
tural units in tellurite glasses change from highly deform
TeO4 to rather regular TeO3 units with increasing alkali con-
tent. Also, the first Te–O peak at;1.9 Å in J(r) obtained for
sodium tellurite glasses@see Fig. 6~a!# having over 30 mol %
of Na2O cannot be further deconvoluted into two separ

r-

FIG. 7. Deconvoluted Gaussian profiles~broken lines! of the Te–O peaks in
~a! J(r) and ~b! Jmod(r) of pure TeO2 glass. The experimental curves a
shown in thick solid lines, and the model functions from the least-squa
fits are shown in thin solid lines. As forJmod(r), we used the fixed peak
positions obtained from the fitting of the Te–O peaks inJ(r) of pure TeO2

glass.

TABLE I. Peak positions~in Å! of the first, second, and third Te–O dis
tances obtained from theJ(r) shown in Figs. 5~a! and 6~a!. Values in pa-
rentheses show the coordination numbers for the corresponding peaks

Glass composition First Te–O Second Te–O Third Te–O

TeO2 1.93 ~2.2! 2.13 ~1.5! 2.39 ~0.4!
10Li2O•90TeO2 1.90 2.13 2.40
20Li2O•80TeO2 1.90 2.13 2.38
30Li2O•70TeO2 1.88 2.15 2.38
10Na2O•90TeO2 1.90 ~2.2! 2.12 2.40a

20Na2O•80TeO2 1.90 ~2.8! 2.14 2.40a

30Na2O•70TeO2 1.90 ~3.0! 2.14 2.33a

37Na2O•63TeO2 1.87 ~3.1! 2.15 2.32a

aThe peak positions of the third Te–O correlation in sodium tellurite glas
may be effected by the Na–O correlations at;2.4 Å.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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464 J. Chem. Phys., Vol. 114, No. 1, 1 January 2001 Niida et al.
peaks. As for sodium silicate glasses, the Si–O peak in
neutron radial distribution functions can be separated
two peaks due to the Si–BO~;1.64 Å! and Si–NBO~;1.59
Å! bonds.27 It is hence probable that three Te–O bonds in
TeO3 units yield similar bond distances and that the Te–B
and Te–NBO bonds may not be clearly differentiated
terms of their bond distances.

It should be worth mentioning that inJ(r) of lithium
tellurite glasses one sees longer Te–O correlations at;2.0 to
;2.4 Å in addition to the main 1.9 Å peak as pointed o
previously. This result most likely suggests that the Te3

tbps in alkali tellurite glasses interact with each other, yie
ing these longer intertrigonal TēO correlations in the first
coordination shell.

B. Molecular orbital calculations

The HF/3-21G(* ) and B3LYP/3-21G(* ) geometries of
the cluster modeling the local structure of TeO2 glass~model
1! are depicted in Fig. 1. The attainment of the energy m
mum was verified because no imaginary frequencies w
obtained for these clusters. It has been found that altho
the Te–O bond distances calculated at the B3LYP/3-21G* )
level tend to become longer than those at the HF/3-21G* )
level, the resultant optimized geometries are almost ident
irrespective of the calculated levels of theory used. As w
be shown in Figs. 2 and 3, this tendency is also true
models 2 and 3. Figure 8 shows the distribution of the Te
bond distances in the constituent five TeO4 units calculated
at the HF/3-21G(* ) level for model 1. One notices from Fig
8 that the calculated Te–O bond distances range from;1.9
to ;2.3 Å. Such a broad distribution of the Te–O bo
distances is in agreement with the observed broad Te–O
relations of TeO2 glass shown in Figs. 5, 6, and 7. Thu
obtained tendency is in contrast with rather a narrow dis
bution of the Si–O bond distances calculated for the S4

tetrahedral units in a silica cluster reported previously28 ~see
also Fig. 8!. These calculated and observed results allow
to conclude that the respective TeO4 units in TeO2 glass are
intrinsically highly deformed from the ideal trigonal bipyra
midal structures.

We next turn to the results of model 2 shown in Fig.
From Fig. 2, one sees that each TeO3 unit has a trigonal
pyramid structure and that there is no apparent distinc
between the two Te–NBO bond distances in each TeO3 unit.
This result indicates that a resonance occurs between t
two Te–O bonds via Na–NBO interactions. Furthermo
one should note that each Na atom in model 2 interacts
only with two NBOs in one TeO3 unit but also with another
NBO in the adjacent TeO3 unit, showing a trifurcate coordi
nation of Na. This result suggests that further resona
among three or more NBOs occurs in actual tellurite glas
In model 2, however, the Te–BO bond distances are ap
ciably longer than the Te–NBO bond distances by;0.09 Å,
which may not be consistent with the observed single Te
peak at;1.9 Å in J(r) mentioned above.

The optimized geometry of model 3, which is compos
of three Te2O5

22(Na1)2 units, is shown in Fig. 3. We con
firmed that the optimized geometry of model 3 as well as t
Downloaded 11 Mar 2008 to 130.54.110.22. Redistribution subject to AIP
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of model 2 corresponds to a minimum energy structure fr
frequency calculations. Figure 3 shows that the basic st
ture of the respective Te2O5

22 units in model 3 is similar to
that of the isolated Te2O5

22 ~model 2! shown in Fig. 2. It
should be noted, however, that some of the nonbridging o
gens in model 3, namely, O7, O16, and O17, interact w
the adjacent Te atoms, forming additional intertrigon
Tē O linkages. The distances of the intertrigonal Te¯O
linkages vary from;2.1 to;2.4 Å, which are substantially
longer than the intratrigonal Te–O bond distances in
TeO3 units. It is hence reasonable to assume that these in
trigonal Tē O linkages correspond to the longer Te–O co
relations for;2.0,r &2.4 Å in J(r) @or J mod(r)# of alkali
tellurite glasses shown in Figs. 5 and 6. In this paper,
terminal oxygens interacting directly with the adjacent
atoms are referred to as ‘‘virtual bridging oxygen~VBO!’’
atoms. We also found that the intratrigonal Te–VBO d
tances in model 2 are comparable to the Te–BO distan
forming three almost equivalent Te–O bonds in the resp
tive TeO3 units. We, therefore, suggest that the observ
single Te–O peak at;1.9 Å in J(r) results from the inter-
trigonal interactions to form VBO-like atoms in the gla
network.

FIG. 8. Te–O bond distances~in Å! in the five TeO4 units for model 1
calculated at the~a! HF/3-21G(* ) and ~b! B3LYP/3-21G(* ) levels. Each
Te–O bond in model 1 corresponds to a vertical line. Si–O bond distan
in the twelve SiO4 units calculated for the Si12O33H18 cluster at the
HF/3-21G(* ) level ~Ref. 28! are also shown.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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IV. DISCUSSIONS

A. O 1s photoelectron energies

Figure 9~a! shows the energy diagram of the O 1s pho-
toelectron energies calculated at the HF/3-21G(* ) level for
model 2. It is clear from Fig. 9~a! that the O 1s photoelectron
energies for the four NBO atoms are basically the sa
indicating the resonance between two Te–NBO bonds
each TeO3 unit as mentioned above. However, these Os
photoelectron energies of the NBO atoms are substant
lower than that of the BO atom; the energy difference
tween the BO and NBO atoms is;1.5 eV. Since the FWHM
of the observed O 1s XPS spectra of sodium tellurite glass
is ;1.6 eV,14 we consider that the above calculated ene
difference between the terminal and bridging oxygen ato
is too large and, therefore, model 2 cannot be regarded
realistic model to represent the electronic structure of sod
tellurite glasses even on the short-range length scale.

Such a discrepancy between the observed and calcu
values is most likely due to the neglect of intertrigonal int
actions. We then analyze the O 1s photoelectron energies o
model 3 to investigate how the electronic structure of ter
nal oxygen atoms is affected by the interaction between
TeO3 units. Figure 9~b! shows the energy diagram of th
O 1s photoelectron energies calculated for model 3. This d
gram can be classified into three energy regions: lo
~554.5–555.2 eV!, mid- ~555.7–556.0 eV!, and high-
~556.6–556.9 eV! energy regions.

It has been found that the O 1s photoelectron lines in the
high-energy region are ascribed not only to the BO but a
to the VBO atoms, namely, O7, O16, and O17. These V
atoms interact with the adjacent Te atoms to form the in
trigonal linkages as mentioned earlier. The present calcul
results hence show that the VBOs yield almost the sa
O 1s photoelectron energies as those of the BOs.

The midenergy region in Fig. 9~b! is composed of four
O 1s lines. The oxygen atoms that are responsible for t
energy region are O8, O13, O21, and O22. On the o
hand, the oxygen atoms contributing to the low-energy
gion are O2, O3, O12, O25, and O26. The oxygen ato
contributing to the mid-energy region have intertrigon
Te–O interactions in their second coordination shell or in

FIG. 9. Calculated O 1s photoelectron energies~in eV! of ~a! model 2 and
~b! model 3 calculated at the HF/3-21G(* ) level. For atom labels shown in
~b!, see Fig. 3.
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range from;3.8 to ;4.3 Å, whereas those contributing t
the low-energy region do not have such second-neighbor
tertrigonal Te–O correlations and hence can be regarde
surface NBO atoms. These calculated results elucidate
when the NBO atoms have first- and second-neighbor Te
correlations, their O 1s photoelectron energies will be in
creased accordingly. It should also be worth mentioning t
the width of the observed O 1s peak of alkali tellurite glasses
is about 1.5–1.7 eV,14 which is more than the range of mid
to high-energy regions. Thus, the present O 1s photoelectron
lines in the mid- along with high-energy regions would sho
just one band, in agreement with the observed XPS spe

On the basis of the present calculated results, we
hence interpret the origin of the single O 1s photoelectron
line in the XPS spectra of alkali tellurite glasses as follow
~1! Some of the NBO atoms in the glasses can interact w
the nearby Te atoms, forming substantial intertrigon
Tē O linkages, namely, VBO atoms. Consequently, thes
photoelectron electron energies of the VBOs result in alm
the same values as those of the BOs.~2! The rest of the NBO
atoms will also interact with Te atoms through the seco
coordination shell. Such second-neighbor Te¯O interactions
will have an effect to increase their O 1s photoelectron en-
ergies as well. In actual alkali tellurite glasses, the NB
atoms will have second-neighbor TēO correlations more
than those seen in the present isolated model cluster. Co
quently, the energy state of all the NBOs will tend to dra
near to that of the BO atoms, resulting in a single peak in
O 1s XPS spectra of alkali tellurite glasses.

B. Local coordination environments of alkali cations

We next investigate how the alkali cations interact w
the tellurium oxide network on the basis of the cluster c
culations. As mentioned before, each Na atom in model
coordinated by three terminal oxygen atoms. Such a trif
cate coordination of Na is basically retained in model 3.
should be noted, however, that some of the Na atoms
model 3 appear to interact with more than three oxygen
oms. In order to get further information about the Na co
dination environments, we show in Fig. 10 the distribution
the Na–O bond distances calculated for model 3. One s
from Fig. 10 that the first coordination shell of Na rang
from ;2.1 to;2.6 Å for both levels of theory. Furthermore
we have found that the coordination number of sodium c
ions in their first coordination shell,NNa, changes depending
of their cation sites; the values ofNNa vary from 3 to 5~see
Fig. 11!. From the measurements of23Na NMR, the sodium
coordination number in tellurite glasses containing over;30
mol % of Na2O was estimated to be;5.29 Thus we consider
that the local environment of the five-coordinated N
namely, Na18 in model 3, represents one of the most pr
able sodium coordination shells in the corresponding ac
tellurite glasses.

Figure 11 illustrates the local coordination environme
of five-coordinated Na18. The symmetry of this site is f
from those of the known symmetric five-coordinate stru
tures, e.g., the trigonal bipyramidal and square pyram
structures. This indicates that the cation site has a very
symmetry. It should also be worth mentioning that the fi
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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coordination shell of Na18 is composed of the oxygen ato
that belong to four different TeO3 units in model 3, and this
coordination shell is partly shared by other Na atoms in
same model, e.g., Na9, Na10, Na19. In other words, the
atoms may tend to cluster together by partly sharing th
first coordination shells. It is hence probable that in act
tellurite glasses the alkali cations will not be homogeneou
distributed but will aggregate in the glass network. Rec
reverse Monte Carlo modeling has also demonstrated tha
sodium cations show significant clustering in tellurite glas
having over 20 mol % of Na2O.10

V. CONCLUSIONS

The present radial distribution functions of pure TeO2 as
well as alkali tellurite glasses yield several Te–O peaks
the first coordination shell of Te. The coordination numb
of the Te–O peak at;1.9 Å approaches three with increa
ing alkali content, indicating the conversion of deform
TeO4 tbps into more regular TeO3 tbs. The longer Te–O
peaks at;2.2 Å are probably indicative of the intertrigona
Tē NBO correlations. Our cluster calculations indeed ha
confirmed that NBO atoms in the TeO3 unit interact with the
adjacent Te atoms, forming intertrigonal TēNBO linkages
in the distance range from;2.0 to;2.4 Å. Our cluster cal-
culations have also demonstrated that such intertrigo

FIG. 10. The distribution of Na–O bond distances~in Å! calculated for
model 3 at the~a! HF/3-21G(* ) and ~b! B3LYP/3-21G(* ) levels. All the
bond distances shorter than 3.5 Å are shown as vertical lines.
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Tē NBO correlations can also be seen in the seco
coordination shell or in the range from;3.8 to;4.3 Å. We
have shown that such first- and/or second-neigh
Tē NBO interactions have an effect to increase the 1s pho-
toelectron energies of the NBO atoms, which will explain
single peak in the O 1s XPS spectra of alkali tellurite
glasses. Thus, we can conclude that in actual alkali tellu
glasses, NBO atoms do not exist in their ‘‘pure’’ form i
contrast to the case of conventional oxide glasses.
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