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Cluster calculational approach to tellurite glasses
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Ab initio self-consistent-charge discrete variationalXa molecular-orbital calculations on the TeO4 cluster
modeling tellurite glasses are presented. By taking into account the net charge in the cluster calculation, the
change of the structural unit in tellurite glasses is consistently interpreted. The difference charge density of the
cluster shows the charge accumulation on the Te atom, corresponding to a lone pair of electrons predicted by
stereochemical analysis.@S0163-1829~98!01145-X#
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An oxide glass is not a simple and straightforward ma
rial for theoretical study because its structures are very c
plicated and the nature of the electronic interactions in
system is rather complex. However, since the interes
physical and/or chemical properties of such an oxide g
are frequently associated with short-range structural effe
it should be useful to consider the structural unit that can
characterized in terms of well-defined coordination polyh
dra by x-ray structural analysis.

For example, vitreous silica and SiO2-based glasses ar
built up from the well-defined and rigid structural unit, th
SiO4 tetrahedron. In these structures, each Si atom is bo
to four O atoms in SiO4 tetrahedral coordination, while eac
O atom is bound to two Si atoms that link the tetrahedra i
continuous random network. Since the high symmetry of
SiO4 structural unit is convenient for theoretical calculatio
and the essential feature of these materials is twofo
fourfold coordination of the O and Si atoms that can
generalized to all other mixed tetrahedral solids, most of
fundamental theoretical studies are of SiO2.

1,2

On the other hand, tellurite glasses (MxOy-TeO2, where
M is a modifier atom such as Li, Na, K, Ba, Cu, etc.! are
typical ones of the complex oxide glasses and much diffe
from the SiO2-based glasses in the viewpoint of the structu
unit. The tellurite glasses are built up from asymmetri
network formers, which are TeO4, TeO311, and/or TeO3
structural units as shown in Fig. 1.3 Because of these asym
metrical structural units, the theoretical studies on the te
rite glasses seem to be not many, while intense studies
been done on applications of their good infrared transm
sions, high refractive indices, high thermal-expansion coe
cients, and thermochromic properties.4,5

The ab initio molecular-orbital~MO! method is a usefu
scheme for investigating electronic structure and chem
bonding of complex systems such as oxide glasses and
talline solids containing substituent ions and defects.6,7 With
use of theab initio MO method, we have studied the bondin
nature of the tellurite glasses. In previous work, we ha
shown that the variation of the structural unit of telluri
glasses can be consistently interpreted within the cha
transfer picture with use of the MO calculations on the Te6
cluster that is found in paratellurite (a-TeO2).

8 However,
this leaves room for further investigation, since it was co
cluded only based on the calculation of the TeO6 cluster
modeling the crystalline paratellurite. In this Brief Repo
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we present theab initio MO calculation of the TeO4 struc-
tural unit found in various tellurite glasses, discuss t
chemical bonding in the structural unit, and show the form
tion of the electron lone pair on a Te atom predicted
stereochemical analysis using the valence-shell electron-
repulsion~VSEPR! model.9,10

We have performed theab initio self-consistent-charge
discrete variationalXa (SCC-DV-Xa) MO calculations on
the clusters modeling the structural units of the tellur
glasses. In this method, the Hartree-Fock-Slater~HFS! equa-
tion for a cluster is self-consistently solved with use of
localized exchange potential (Xa potential!. The exchange
parametera was taken to be 0.7 as usual. The minimu
basis sets of 1s-5s,5p for the Te atom and 1s-2p for O
atoms, which were numerical atomic orbitals by solving t
atomic HFS equations, were used in present calculation11

Although quantitative results from cluster calculatio
should be looked at carefully, the analysis of such calcu
tions, i.e., Mulliken orbital-population analysis, gives
simple intuitive picture of the electronic structure in terms
local chemical bonds.12 Such a picture helps one to unde
stand results from experimental facts.8,13

The structural unit was modeled with the smallest rep
sentative unit, i.e., the (TeO4)

42 cluster as shown in Fig
1~a!. It consists of one central Te atom, two axial O (Oax)
atoms at a distance of 0.190 nm, and two equatorial O (Oeq)

FIG. 1. Typical structural units found in tellurite glasses:~a!
TeO4 trigonal bipyramid,~b! TeO311 polyhedron, and~c! TeO3

trigonal pyramid~Ref. 3!.
14 124 ©1998 The American Physical Society
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atoms at a distance of 0.208 nm with the bond angles of 1
and 169° for Oeq-Te-Oeq and Oax-Te-Oax, respectively.3 The
calculations were performed withC2 point-group symmetry.

Usually atomic charges in cluster modeling an oxide
of nominal valences.14 In this way, the net chargen of the
(TeO4)

n2 cluster would be 4. However, the net charge
derived from the nominal valences is inappropriate for
TeO4 cluster calculation because any chemical bonding
tween heterogeneous atoms is not of perfect ionic chara
For taking into account of the ionicity, we start by conside
ing the Te-O bonding in pure TeO2 ~for example, paratellu-
rite!. Here, the atomic charge states of Te and O are Te4d1

and O2d2 with use of the parameterd (0,d,1) represent-
ing the ionic character of a Te-O bond. Thus, the charge s
for the TeO4 cluster model should be (TeO4)

4d2. Next, we
consider the effect of a modifier atomM added to pure TeO2
for making a tellurite glass. Since the electronegativity of
M is smaller than that of Te and O atoms~0.8–1.9, 2.1, and
3.5 on the Pauling scale forM, Te, and O, respectively15!, the
electron should transfer fromM to (TeO4)

4d2. Figure 2
shows the schematic illustration of the charge transfer wh
an M donates the electron to the network former near
Accordingly, the net chargen for the (TeO4)

n2 cluster can
be defined by 4d1t, wheret is the amount of the electro
transferred. It must be noted thatd would be a constant de
rived from the Te-O bonds in pure TeO2; however, the ap-
propriate d cannot be easily determined because ionic
even of simple alkaline-earth oxides is still controversia16

and the charge-transfer amountt depends on both the kin
and the amount of the added modifier atom. We theref
performed the calculations on the (TeO4)

n2 cluster, varying
the net chargen from 0 to 4.

Figure 3 shows Mulliken overlap populations~MOP!,
which scale bond order in simple terms, versus net chargn
for the (TeO4)

n2 cluster. The MOP of the Te-Oax bond de-
creases from;0.3 toward zero asn increases while the MOP
of the Te-Oeq bond is larger than;0.3 and is not much
affected byn. These results indicate that the increase of
net chargen weakens the Te-Oax bond. Since the incremen
of n offers the increment of the charge-transfer amountt ~cf.
d is a constant!, it is most likely that either of two Te-Oax
bonds is weakened; then its bond length increa
(TeO4→TeO311), and, as a result, the reducing of the coo
dination number of Te (TeO311→TeO3) occurs with increas-

FIG. 2. Schematic view of the electron charge transfer within
MxOy-TeO2 glass. A modifier atom donates the electron to the n
work former nearby.
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ing content of modifier atoms in tellurite glasses. This int
pretation of the relationship between MOP andt is fairly
consistent with the proposed mechanisms of the struct
changes in tellurite glasses based on the experimental fac
the point that the electron transferred from the modifier
the TeO4 structural unit weakens the Te-Oax bond, and leads
to the structural change from TeO4 through TeO311 to
TeO3.

17,18

We show a contour plot of the difference charge dens
Dr5r$~TeO4!

42%2Sr~atoms! drawn for the equatorial plane
including the Te and Oeq atoms in Fig. 4. The formation o

n
t-

FIG. 3. Mulliken overlap populations~MOP! for Te-Oeq and
Te-Oax bonds vs the net chargen for the (TeO4)

n2 cluster. The
MOP of the Te-Oax bond decreases from;0.3 toward zero asn
increases, while the MOP of the Te-Oeq bond gradually declines and
is steady at;0.3.

FIG. 4. A contour plot of the difference charge densityDr
5r$(TeO4)

42%2Sr(atoms) for the (TeO4)
42 cluster. It is drawn

for the equatorial plane including Te and Oeq atoms. Solid and
dotted lines show positive and negative contours, respectively.
charge accumulation sticking out to the left of the Te atom can
clearly seen. It should correspond to the lone pair of electrons
can be predicted by the VSEPR theory~Refs. 9 and 10! and has
been widely believed~Refs. 17–21!.
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the electron lone pair on a Te atom is predicted by VSE
theory9,10 and has been widely believed.17–21 VSEPR theory
is the empirical one based on the mutual repulsion of
bonding and/or nonbonding electron pairs around an at
This theory is very powerful for predicting structures of mo
ecules; however, there has been some disagreement in
compounds.10 In Fig. 4, the charge accumulation sticking o
to the left of the Te atom is clearly seen, and it should c
respond to the predicted lone pair of electrons. This re
indicates that the VSEPR theory is applicable to the str
tural study of the tellurite glasses.

Finally, we compare the above results with our previo
ones using the TeO6 cluster model. Despite the differen
cluster model, the present results are almost all compa
with our previous calculations on the TeO6 cluster model to
the point that the electron charge transfer weakens
Te-Oax bonds and leads to the change of the structural un8

There are, however, some discrepancies between thes
sults. First, the charge accumulation corresponding to
lone pair of electrons is also seen at a similar position in
difference charge contour map of the (TeO6)

82 cluster
model; however, it is considerably shrunken.22 This should
be caused by the two nonbonding oxygen atoms at the e
torial positions on the lone-pair side that could not exist
the charge transfer progresses. Second, the MOP for
Te-Oax bonds shows large negative value in the (TeO6)

82

cluster model~i.e., the two Te-Oax bonds are completely bro
ken!, while it shows small positive value in the (TeO4)

42
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cluster model~i.e., the Te-Oax bonds are weak but in bondin
state!. Since an actual structural unit found in telluri
glasses has at least one Te-Oax bond, it is most likely that the
present TeO4 cluster model is more suitable for representi
the structural unit of tellurite glasses than the previous Te6
cluster model.

In conclusion, we presented theab initio SCC-DV-Xa
MO calculations on the TeO4 cluster modeling of the tellurite
glasses. By taking into account of the net chargen for the
(TeO4)

n2 cluster in the cluster calculations, we obtained t
result that the electron charge transfer fromM to TeO4
causes the Te-Oax bond weakening, and then, should lead
reduction of the coordination number of a Te atom. Th
result was consistent with the proposed mechanisms b
on the experimental facts. The contour plot of the differen
charge density of the (TeO4)

42 cluster was also presented. I
the contour plot, the charge accumulation on the Te at
was clearly seen, which should correspond to the lone pa
electrons predicted by the VSEPR theory. These results w
compared with our previous work using the TeO6 cluster
model.

We would like to thank Professor H. Adachi~Kyoto Uni-
versity! and Professor K. Yamamoto~Kanagwa Institute of
Technology! for use of the DV-Xa calculation program. We
are also grateful to Dr. T. Taniguchi, Dr. T. Aizawa, Dr. K
Oyoshi, and Dr. S. Todoroki for helpful discussion and us
ful comments.
ev.

.

h-

J.

n-

B.

J.

s.

and
1W. A. Harrison,Electronic Structure and the Properties of Solid
~Freeman, San Francisco, 1980!, Chap. 11.

2R. G. Della Valle and E. Venuti, Phys. Rev. B54, 3809~1996!;
A. Di Pomponio and A. Continenza,ibid. 50, 5950~1994!; R. A.
Barrio, F. L. Galeener, E. Martinez, and R. J. Elliot,ibid. 48,
15 672~1993!.

3Y. Shimizugawa, T. Maeseto, S. Suehara, S. Inoue, and A. Nu
J. Mater. Res.10, 405 ~1995!; Y. Shimizugawa, T. Maeseto, S
Inoue, and A. Nukui, Phys. Chem. Glasses38, 201 ~1997!; O.
Lindqvist, Acta Chem. Scand.22, 977 ~1968!.

4Z. Congshan, L. Xiaojuan, and Z. Zuyi, J. Non-Cryst. Solids144,
89 ~1992!.

5S. Inoue, Y. Shimizugawa, A. Nukui, and T. Maeseto, J. No
Cryst. Solids189, 36 ~1995!.

6K. Wu and Chuangtian Chen, Appl. Phys. A: Solids Surf.54, 209
~1992!.

7J. Guo, D. E. Ellis, and D. J. Lam, Phys. Rev. B45, 13 647
~1992!.

8S. Suehara, K. Yamamoto, S. Hishita, T. Aizawa, S. Inoue,
A. Nukui, Phys. Rev. B51, 14 919~1995!.

9I. D. Brown, J. Solid State Chem.11, 214~1974!; R. J. Gillespie,
Molecular Geometry~Van Nostrand Reinhold, New York
1972!; F. A. Cotton and G. Wilkinson,Advanced Inorganic
Chemistry, 4th ed.~Wiley, New York, 1980!.
i,

-

d

10J. E. Huheey, E. A. Keiter, and R. L. Keiter,Inorganic Chemistry,
4th ed.~Harper Collins, New York, 1980!.

11H. Adachi, M. T. Tsukada, and C. Satoko, J. Phys. Soc. Jpn.45,
875 ~1978!.

12R. S. Mulliken, J. Chem. Phys.23, 1833~1955!.
13S. Suehara, K. Yamamoto, S. Hishita, and A. Nukui, Phys. R

B 50, 7981~1994!.
14Y. Kowada, K. Morimoto, H. Adachi, M. Tatumisago, and T

Minami, J. Non-Cryst. Solids196, 204 ~1996!.
15L. Pauling,The Nature of the Chemical Bond~Cornell University,

Ithaca, 1960!.
16R. Souda, K. Yamamoto, W. Hayami, T. Aizawa, and Y. Is

izawa, Phys. Rev. B50, 4733~1994!.
17T. Yoko, K. Kamiya, H. Yamada, K. Tanaka, and S. Sakka,

Ceram. Soc. Jpn.97, 289 ~1989!.
18T. Sekiya, N. Mochida, A. Ohtsuka, and M. Tonokawa, J. No

Cryst. Solids144, 128 ~1992!.
19S. Noev, V. Kozhukharov, I. Gerasimova, K. Krezhov, and

Sidzhimov, J. Phys. C12, 2475~1979!.
20V. Kozhukharov, S. Neov, I. Gerasimova, and P. Mikura,

Mater. Sci.21, 1707~1986!.
21M. Tatsumisago, T. Minami, Y. Kowada, and H. Adachi, Phy

Chem. Glasses35, 89 ~1994!.
22S. Suehara, K. Yamamoto, S. Hishita, T. Aizawa, S. Inoue,

A. Nukui ~unpublished!.


