
PHYSICAL REVIEW B 67, 052203 ~2003!
Role of Sb3¿ as a network-forming cation in oxide glasses
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Sb K-edge extended x-ray-absorption fine-structure spectroscopy has been used to determine the coordina-
tion environment of Sb31 ions in a wide range of Sb2O3-MxOy glasses (M5Si, Ge, B, and As! with Sb2O3

concentrations ranging from;20 to up to 80 mol %. The Sb-O coordination number and bond length are found
to be insensitive to glass composition. In all glasses the Sb31 ions are coordinated to three oxygen nearest-
neighbors and the Sb-O nearest-neighbor distances vary within a narrow range of 1.945 to 1.970 Å. It is
concluded that Sb31 behaves as a classic ‘‘network-forming’’ cation in oxide glasses, creating a continuous
random network of Sb-O-M bonds, whereM5Sb, As, Ge, Si, or B.

DOI: 10.1103/PhysRevB.67.052203 PACS number~s!: 61.43.Fs, 81.05.Kf, 61.20.Gy, 61.10.Ht
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Certain simple oxide compounds can be induced to fo
glasses without the addition of any other components: B2O3,
SiO2 , P2O5, GeO2, and As2O3 comprise a brief but fairly
comprehensive list. As noted by Zachariasen, glasses
these compounds share numerous features in common.1

~i! The cations ~M! are surrounded by either thre
oxygen ions (B2O3,As2O3) or four oxygen ions
(SiO2 ,P2O5,GeO2). With the exception of P2O5, the coor-
dination number of the cation is equal to its formal valen

~ii ! The M-O distance and the intra-trigonal or intra
tetrahedral angle/OMO vary little with glass composition
or with the conditions under which the glass is made. T
only exception is when a change in coordination occurs, s
as the well-known threefold to fourfold coordination chan
of boron in alkali borates and borosilicates.

~iii ! In all but P2O5, oxygen ions form bonds with only
two cations, e.g., Si-O-Si, and are generally referred to
‘‘bridging’’ oxygens. The double-bonded oxygen in a PO4
tetrahedron is an exception, each of the remaining oxy
ions is bonded to exactly two phosphorus cations.

The corner-sharing of M-O coordination polyhed
through twofold coordinated oxygen forms a thre
dimensional network, and thus the cations involved are
ferred to as network-forming cations. As noted by Zacha
asen, simple oxides that do not share most or all of
attributes above tend not to form glasses on their own.1 An
example is TeO2, which forms glass when other oxides a
added, but is a very poor glass-former on its own. The ox
of trivalent antimony, Sb2O3, does not readily form a glas
by itself, but readily forms glasses when other oxides
added: less than 5 mol % of ‘‘classic’’ network forming o
ides (SiO2 ,B2O3,GeO2,As2O3) added to Sb2O3 is sufficient
to make stable, readily quenched glasses.2 This observation
suggests that Sb31 itself might be a network-forming cation
If it is a network former, then according to the criteria
Zachariasen the Sb31 ions should be threefold coordinate
by oxygen, the Sb-O distance and/OSbO angle will be
nearly invariant with the glass composition, and each S31

ion should be linked through twofold-coordinated oxyg
ions to adjacent cations.1 Previous studies of antimony bora
glasses have evaluated Sb coordination by x-ray diffractio2

Sb coordination and Sb-O-Sb linkages by vibration
spectroscopy3,4 and Sb-O bond character using oxygen x-r
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photoelectron spectroscopy.5 However, antimony coordina
tion in binary systems containing other glass formers~e.g.,
Si, As, Ge! remains unknown.

Besides being of scientific interest, antimony containi
glasses are also of significant technological interest. Bin
antimony borate glasses with high antimony contents w
recently considered as prospective materials for nonlin
optical applications due to their large third-order nonline
optical susceptibility.4 Antimony silicate glasses have bee
identified in the past as potential core glasses for low-l
optical waveguides,6,7 and more recently as vitreous hosts f
rare-earth element dopants for lasers and optical amplifie8

The valuable properties conferred by Sb31 to rare-earth en-
vironments have been found to be substantially independ
of the oxide glass system, and thus it is of interest to ch
acterize the structural role of Sb31 in diverse oxide glasses
Here we report the results of a detailed SbK-edge extended
x-ray absorption fine structure~EXAFS! study of the local
coordination environment of Sb31 in binary glasses contain
ing 20–80-mol % Sb2O3 in the systems SiO2-Sb2O3,
GeO2-Sb2O3, B2O3-Sb2O3, and As2O3-Sb2O3. The results
show unambiguously that Sb31 is indeed a network forming
cation in the sense of Zachariasen.1

All glasses were prepared from reagent-grade oxide s
ing materials. 50–500-g batches of glasses containing Si2 ,
GeO2, and B2O3 were melted in silica crucibles at temper
tures ranging from 800 °C to 1600 °C, with lower temper
tures applying to glasses rich in Sb2O3 or B2O3. Glasses
containing As2O3 were melted in small batches in fuse
silica ampoules held in a rocking furnace at temperatu
between 750 and 950 °C. The compositions of all glas
were determined by standard wet chemical methods and
listed in Table I. Melting conditions were optimized t
produce a minimal SiO2 pickup (<1 mol % SiO2) from the
crucibles.

Sb K-edge~30491 eV! EXAFS spectra were collected a
beam line X18B at the National Synchrotron Light Source
Brookhaven National Laboratory. The stored electron-be
energy was 2.58 GeV, and typical beam currents were
tween 150 and 300 mA. A channel-cut Si~111! monochro-
mator was used without any detuning as higher harmonic
the SbK edge are not of concern. The EXAFS data we
collected in transmission mode in energy steps of 2 eV. G
©2003 The American Physical Society03-1
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samples were ground to a fine powder and spread unifor
across a mylar tape. The tapes were mounted in a liq
nitrogen-cooled cryostat cooled to 80–90 K, in order
lower the effect of the thermal Debye-Waller factor on t
signal. Crystalline polymorphs of Sb2O3 ~valentinite and se-
narmontite! were used as model compounds. The SbK-edge
EXAFS data were analyzed using the standard softw
packagesEXBROOK and EXCURV92 developed by the Dares
bury Laboratory.9 The details of the procedure for fitting th
EXAFS spectra can be found elsewhere.10 The uncertainties
in the coordination numbers of Sb atoms as obtained fr
fitting the Sb EXAFS spectra are on the order of60.15 or
less in all glasses studied here.

Thek3-weighted experimental SbK-edge EXAFS spectra
and the fitted curves for glasses with the lowest and the h
est Sb2O3 contents in each series are shown in Fig. 1. T
corresponding Fourier transforms are shown in Fig. 2. T
period of the dominant oscillation in these Sb EXAFS sp
tra varies little with composition, and coherent oscillation
seen up to large wave numbers~Fig. 1!. All EXAFS spectra
have been fitted with a shell of three nearest-neighbor o
gen atoms around the central Sb atom at an average dis
of ;1.945–1.970 Å, with Debye-Waller factors ranging b
tween 0.008 and 0.010 Å2. Fourier transforms of the Sb EX
AFS spectra of glasses containing;80% As2O3 and;85%
GeO2 show a second peak between 3 and 4 Å@Fig. 2~a!#.
The corresponding EXAFS spectra were fitted with a ne
nearest-neighbor shell of 0.5 As atoms at 3.65 Å or 0.9
atoms at 3.31 Å with Debye-Waller factors in both cases
;0.01 Å2. The fitting of the second shell has no detecta
effect on the fit parameters of the first coordination shell, a
is significant at the 95% probability level according to t
criterion of Joyneret al.11 Figure 3 shows the compositiona
variation of the intensity of the peak corresponding to
second shell in Sb2O3-GeO2 and Sb2O3-As2O3 glasses
which clearly decreases rather sharply with increasing Sb2O3
content. No such peak corresponding to a second she
resolved in any of the glasses containing B2O3 or SiO2 with
comparable Sb concentrations~Fig. 2!.

Figure 4 plots the nearest-neighbor Sb-O distances
function of Sb2O3 content for all compositions in each of th
glass families evaluated in this study. Sb silicates with<70-

TABLE I. Analyzed compositions for the binary (Sb2O3)x

2(M yOz)1002x glasses (M yOz5B2O3 , SiO2 , GeO2 , or As2O3)
studied here. The compositions for each glass series are expr
as the mol% ofM yOz .

Sb borates
B2O3

~mol %!

Sb silicates
SiO2

~mol %!

Sb germanates
GeO2

~mol %!

Sb arsenates
(As2O3)
~mol %!

13.0 12.0 37.4 20.0
53.0 25.0 46.4 40.0
33.8 32.0 57.7 60.0
79.2 46.0 84.7 80.0

51.0
65.0
81.0
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mol % Sb2O3 tend to have slightly shorter Sb-O bond di
tances than the other glasses with comparable Sb2O3 con-
tents and glasses containing B2O3 or GeO2 with low Sb2O3
contents (<40-mol % Sb2O3) tend to have slightly shorte
Sb-O distances than glasses with higher Sb2O3 contents.
However, Sb-O distances in all glasses vary within an
tremely tight range of 1.945–1.970 Å. Moreover, the best
nearest-neighbor coordination number for Sb in all glasse
3.0060.15.

Taken together, the analyses of the SbK-edge EXAFS
spectra of these glasses illustrate the following

~i! Sb31 is surrounded by three oxygen atoms, indepe

sed

FIG. 1. k3-weighted SbK-edge EXAFS spectra of glasses wi
the lowest~a! and highest~b! Sb2O3 contents in each series. Th
corresponding glass compositions are indicated above each s
trum. Solid lines represent experimental data and dashed lines
respond to least-squares fits obtained usingEXCURV92.
3-2
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dent of its concentration in a glass, and independent of
identity or the coordination number of the other cation in t
glass.

~ii ! The coordination number of Sb31 equals its formal
valence, indicating that oxygen ions bonded to antimo
are generally bonded to only one other cation, whet
B31, Ge41, or Si41, or an adjacent Sb31 in Sb2O3-rich
compositions.

~iii ! The Sb-O bond length shows little dependence on
conditions under which the glasses were made, the iden

FIG. 2. Magnitudes of the Fourier-transform of thek3-weighted
experimental SbK-edge EXAFS spectra of glasses with the lowe
~a! and highest~b! Sb2O3 contents in each series. The correspon
ing glass compositions are indicated above each spectrum. S
lines represent experimental data and dashed lines correspo
least-squares fits obtained usingEXCURV92.
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of the other glass forming oxide, or the concentration
Sb2O3 in the glass. The total range of Sb-O bond lengths
only 0.025 Å. For comparison, in the case of clas
network-forming cations such as Si41 the Si-O bond lengths
in SiO2 and alkali disilicate glasses range from 1.608
1.631 Å, or an absolute variation of 0.023 Å.12

Therefore, the geometry of the SbO3 coordination polyhe-
dra is extremely well constrained from one glass family
another, so the/OSbO angle is inferred to be approximate

t
-
lid
to

FIG. 3. Magnitudes of the Fourier-transform of thek3-weighted
experimental SbK-edge EXAFS spectra of Sb germanate and
senate glasses as a function of Sb2O3 content in each series. Th
glass compositions are indicated above each transform. Arrows
dicate signal from next-nearest-neighbor Ge~As! ions around Sb in
germanate~arsenate! glasses.

FIG. 4. Compositional variation of average Sb-O distances
Sb borate, silicate, germanate, and arsenate glasses as deter
from fits to the SbK-edge EXAFS spectra.
3-3
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invariant with composition. As noted in the introductio
these are the hallmarks of classic glass-forming oxides,
hence it is concluded that Sb31 shares in common all the
features associated with classic network-forming cations

The Sb-O distances obtained in all glasses~;1.95–1.97
Å! are similar to that~1.977 Å! observed in the cubic crys
talline polymorph of Sb2O3, senarmontite.13 In senarmontite
the three oxygen nearest neighbors and the 5s2 lone pair of
electrons of the Sb31 ions form a near-regular tetrahedro
with /OSbO of 95.9°.13 In the high-temperature orthorhom
bic polymorph of Sb2O3, valentinite, these tetrahedra a
considerably distorted with three different/OSbO ranging
between 79.8 and 98.1° and the mean Sb-O bond leng
2.013 Å.14 Such a tetrahedral Sb coordination geometry~3
oxygen ions1the 5s2 lone pair! is consistent with the Sb
K-edge EXAFS data obtained from the glasses in this stu

The most unexpected result is that a next-nearest neig
peak is resolved only in glasses containing As2O3 or GeO2,
and then only at relatively low Sb2O3 contents~Fig. 2!. Fur-
thermore, even when observed the amplitude of this p
decreases with increasing Sb2O3 content~Fig. 3!. This trend
and the best fits to the EXAFS spectra indicate that
next-nearest neighbor peak is most likely to be due to
O-As or Sb-O-Ge types of linkages in the glass rather t
due to Sb-O-Sb linkages. At minimum, this indicates th
antimony mixes very homogeneously with other gla
forming constituents; however, the Sb-Ge/As second s
coordination numbers of;0.5 to 0.9 are well below the ex
pected values of nearly 3 for Sb2O3-poor compositions. The
absence of a second shell in corresponding borate or sili
glasses may be indicative of the fact that B and Si are w
backscatterers compared to heavier Ge and As atoms.

It is surprising that negligible coherent back-scatter a
plitude is obtained from next-nearest-neighbor Sb atoms,
pecially in Sb2O3-rich glasses in which Sb-O-Sb linkages a
required by stoichiometry. A second shell of Sb was clea
observed in the Sb EXAFS spectra of both valentinite a
senarmontite, the crystalline polymorphs of Sb2O3. There-
fore, a possible explanation for the absence of Sb-Sb co
s
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lation in the glass spectra would then be a highly disorde
spatial distribution of Sb next-nearest neighbors in glas
due to variations in/Sb-O-Sb which results in a larg
Debye-Waller factor for the next-nearest neighbor shell.

In light of the results obtained in this study it is interestin
to compare the coordination of antimony in the oxide glas
with that of other cations that carry nonbonding lone pairs
electrons, particularly As31, Te41 and Pb21. As31 is well
known to form coordination polyhedra analogous to tho
proposed for Sb31 in oxide glasses.15 However, both Te41

and Pb21 show variable coordination behavior in oxid
glasses. For example, Te41 forms tetrahedra consisting o
three Te-O bonds and a lone pair, but only in glasses w
low TeO2 concentrations. At higher TeO2 concentrations,
Te41 becomes fourfold coordinated by oxygen with the lo
pair forming a fifth apex to an irregular coordinatio
polyhedron.16 On the other hand Pb21 has been shown to
form both PbO4 and PbO3 pyramids in binary PbO-SiO2
glasses over large compositional range.17 Therefore, the only
precedent for the nearly static coordination chemistry
Sb31 in oxide glasses is that of As31.

Sb31 ions in a wide variety of glasses form a threefo
coordination environment with oxygen, it has a nearly fix
Sb-O bond length and its local coordination environment
pears to be highly insensitive to the glass composition. Th
results indicate that Sb31 is a true network-forming cation
Next-nearest-neighbor backscattering from Ge and As pro
that at least in these glasses Sb31 forms mixed linkages
through oxygen with other cations. The absence of a Sb n
nearest neighbor peak in glasses with high Sb2O3 contents
indicates that there is considerable disorder in relative ro
tional conformations of the corner-sharing SbO3 polyhedra
resulting from variations in the/Sb-O-Sb angle.
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