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Abstract

Lead±indium phosphate and lead±scandium phosphate glasses exhibit a number of useful properties such as the

e�cient transmission of visible light, a high index of refraction, a low preparation temperature and low melt viscosity,

and good chemical durability. The short-range and intermediate-range order structures of a

(PbO)56:3(In3O2)4:2(P2O5)39:5 and a (PbO)54:2(Sc3O2)3:6(P2O5)42:2 glass were studied by time-of-¯ight neutron di�raction.

From analyses of the measured structure factors of these glasses and those of a pure P2O5 glass and a (PbO)58:8(P2O5)41:2

glass, both the breakdown of the P2O5 network structure to short PO4-chain-like units by the addition of metal oxides

and the local environment of the dopant In and Sc ions were characterized. The In±O and Sc±O distance (2.1 �A) is

shorter than that of Pb±O (2.52 �A) and the coordination number for Sc±O (6.1) and In±O (5.5) is slightly higher than

that of Pb±O (5.3). Ó 1999 Elsevier Science B.V. All rights reserved.

PACS: 42.70.C; 61.12; 61.43.F

1. Introduction

The generally poor chemical durability of
phosphate glasses has previously hampered large-
scale investigations of their potential for industrial
applications. However, the addition of appropriate
modifying cations into the parent P2O5 network
former is known to produce phosphate glasses
with drastically di�erent physical and chemical
properties [1±6]. An understanding of the atomic
and electronic structural changes brought about
by these network modi®ers is essential to the

continuing development of phosphate-based novel
materials and devices for technological applica-
tions.

The structure of vitreous P2O5 consists of a 3D
network of corner-sharing PO4 tetrahedra, each of
which has a P@O (non-bridging O) double bond.
The structural instability arises from the energetic
imbalance between the dp±pp bonding character
in the terminal P@O and the bridging P±O±P
con®gurations which tends to break up the cross-
linking network. [7] Accordingly, introducing
metal oxides (MO) into P2O5 will generate addi-
tional non-bridging O±M±O linkages across dif-
ferent PO4-chains thereby forming a more stable
structure [2]. In the case of oxides of divalent
metals such as MgO or PbO, in principle, all the
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P@O bonds are replaced by P±O±M con®gura-
tions at 33 mol% of metal ions. The 3D network
transforms into a complex PO4-chain-like struc-
ture in which the average number of PO4 units per
chain varies from 1 (metaphosphate) at 50 mol%
to 2 (pyrophosphate) at a 66.7 mol% metal oxide
concentration [2].

In reality, the chain-like structure and conse-
quently the origins of the physical behavior, of
phosphate glasses are poorly understood. The
lead±phosphate glass system is one of the more
extensively studied cases. Although binary PbO±
P2O5 glasses near the metaphosphate composition
are somewhat susceptible to aqueous corrosion
and crystallization at low temperatures [8], their
chemical durability can be enhanced dramatically
by adding a third metal-oxide component. More-
over, the resulting ternary glasses may exhibit
unique properties that are desirable for novel ap-
plications. Sales and Boatner [9,10] have evaluated
the durability and other properties of lead±iron
phosphate glasses and indicated their potential
application as a storage medium for high-level
nuclear wastes. The same authors also searched for
durable and optically clear lead±phosphate-based
glasses and identi®ed two candidates, namely Pb±
In±P±O and Pb±Sc±P±O glass compositions [11].
These glasses have an index of refraction of 1.75±
1.83 in the visible region, an ultraviolet absorption
edge at a wavelength near 300 nm and strong in-
frared absorption beyond 2800 nm. The prepara-
tion temperatures are relatively low (900±1000°C)
and the chemical durability and resistance to both
weathering and c-radiation are good. These glasses
contain less than 5 mol% of In2O3 or Sc2O3, hence
their mechanical properties are similar to the cor-
responding binary lead±phosphate glasses. How-
ever, since the optical properties depend critically
on the inter- and intra-ionic transitions of elec-
trons as in¯uenced by the dopant ions, informa-
tion regarding the local environment of the In and
Sc ions is valuable to theoretical modeling of the
optical characteristics. Using the method of neu-
tron di�raction, we have studied the structure of
(PbO)56:3(In3O2)4:2(P2O5)39:5 and (PbO)54:2(Sc3O2)3:6

(P2O5)42:2 glasses that were optimized for their
optical properties. In this paper, we report the
intermediate-to-short range atomic order pertinent

to the polymeric PO4-chain structure in these
glasses as well as the In±O and Sc±O spatial co-
ordination. The neutron di�raction results of
(PbO)58:8(P2O5)41:2 and P2O5 glasses are also pre-
sented in order to distinguish the e�ects of In2O3,
Sc2O3 and PbO on the structures of these glasses.

2. Experimental details

The preparation method and the basic chemical
and optical properties of (PbO)56:3(In3O2)4:2

(P2O5)39:5 and (PbO)54:2(Sc3O2)3:6(P2O5)42:2 glasses
were described in detail previously [11]. The
(PbO)58:5(P2O5)41:2 glass was prepared from ca-
lcining the proper mixture of reagent grade PbO
and H3PO4 (85%) liquid. The material was melted
in a platinum crucible for 3 h in air at 1173 K, then
quenched into a preheated stainless steel mould.
The anhydrous P2O5 glass was prepared according
to a procedure described elsewhere [12,13]. The
compositions of all the glasses are batched com-
positions. Possible deviations from the batched
compositions due to weight loss, for example from
volatilization of P2O5, are estimated to be much
less than 1 mol%. Water retention is not a problem
for the present lead±(indium or scandium) phos-
phate glasses with PbO concentration beyond the
metaphosphate composition. In preparing the
P2O5 glass, all materials were handled in an Ar
dry-box atmosphere (O2 + H2O < 2 ppm) and the
glass was melted and quenched in a vitreous car-
bon crucible which was sealed inside a silica am-
poule. Neutrons are very sensitive to the presence
of residual protons because of the large scattering
cross-section of hydrogen. We found no measur-
able intensities from hydrogen in the form of in-
elasticity e�ects in the di�raction data or hydrogen
local vibrations in spectroscopic data. The mass
densities of the (PbO)56:3(In3O2)4:2(P2O5)39:5,
(PbO)54:2(Sc3O2)3:6(P2O5)42:2, (PbO)58:5(P2O5)41:2

and P2O5 glasses are 5.30, 5.20, 5.250 and 2.385 g/
cm3, respectively.

Powdered glass samples about 10 g each were
used for the neutron di�raction experiments
conducted on the Glass, Liquid and Amorphous-
Materials Di�ractometer (GLAD) [14] at the In-
tense Pulsed Neutron Source of Argonne National
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Laboratory. Bursts of polychromatic (cold-to-
epithermal) neutrons were incident on the sample
and the total scattering intensities were recorded
by a bank of position-sensitive detectors covering
a wide range of scattering angles (8 < 2h < 120°).
The intensity pro®le as a function of neutron
wavevector, I(Q), was obtained by the time-of-
¯ight technique. Overlapping data sets from dif-
ferent detectors were combined, normalized to the
incident ¯ux, corrected for absorption, multiple
scattering and self-scattering using a standard
procedure and were then merged to obtain the
neutron-weighted average structure factor S(Q)
over a Q range of 0.5 to �40 �Aÿ1. This large Q
range is essential to an accurate assessment of the
near-neighbor atomic correlation in a glass.

Indium represents an infrequent case in which
resonance occurs in the scattering of slow neutrons
from the 115In nuclei (95.7% abundance), causing
severe neutron absorption at energies near the nu-
clear resonance. Since Q varies as sinh at a ®xed
energy, a resonance appears at di�erent Q values
depending on the angle at which the scattering is
observed. Fig. 1 shows the neutron intensity spec-
tra observed at two typical scattering angles. At
2h� 27.5°, strong absorption due to resonances of
the 115In nuclei at 1.46 and 3.86 eV was seen at 12.5
and 20 �Aÿ1, respectively, whereas at 2h� 92.5°, the
intensity pro®le is not a�ected because the reso-

nances occur at Q values beyond 35 �Aÿ1. This
makes it straightforward to identify those portions
contaminated by the resonances and to avoid in-
cluding them in the merged data set.

3. Experimental results and analysis

Glasses do not exhibit long-range order, so it is
conventional to express their structure in terms of
distribution functions obtained from the Fourier
transform of their structure factors. The neutron-
weighted pair correlation function G�r� is obtained
from

G�r� � 1� 1

2p2q0

Z 1

0

�S�Q� ÿ 1�Q2 sinQr
Qr

dQ; �1�

where q0 is the density. In practice, the integration
is carried out up to a ®nite Q value (Qmax) dictated
by the experiment and, consequently, Eq. (1) is
modi®ed so as to reduce the spurious ripples in-
troduced by the ®nite cuto�, as follows:

G�r� � 1� 1

2p2q0

Z Qmax

0

M�Q�

� �S�Q� ÿ 1�Q2 sinQr
Qr

dQ; �2�

where M(Q) is a modi®cation function due to
Lorch [15]. To accurately determine the average
bond lengths and coordination numbers, it is
convenient to express the results in terms of the
total distribution function T(r):

T �r� � 4prq0G�r�: �3�
The peak positions in T(r) represent the most
probable (average) bond distances for various
combinations of elements because T(r) is sym-
metrically broadened as a result of the ®nite upper
limit Qmax. The radial distribution function N(r) is
given by

N�r� � 4pr2q0G�r�: �4�
N(r) dr has a direct physical interpretation as the
number of atoms lying within a range (r, r + dr)
from any given atom. The area under a peak in
N(r) is directly proportional to the coordination
number of a pair of atoms. In order to determine

Fig. 1. The neutron-intensity spectra of the Pb±In±P±O glass

observed at scattering angles of 27.5° and 92.5°. In the 27.5°
spectrum, resonances of the 115In nuclei result in a depletion of

the intensity at 12.5 and 20 �Aÿ1. These resonances are not seen

in the 92.5° spectrum because they occur at much higher Q (>35
�Aÿ1).
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the areas of these peaks which may overlap with
each other, we ®rst ®t the T(r) with multiple
Gaussian functions convolved with the instru-
mental peak-shape function. The positions and
areas of the peaks are then derived from the ®tting
parameters.

Using r1 @ 1.54 �A as the mean nearest P±O bond
length for phosphate glasses [16], the approximate
characteristic lengths, L � 2p=Q, for short-range
order (SRO, r1Q > 4), intermediate-range order
(IRO, 2 < r1Q < 4) and extended-range order (ERO,
r1Q < 2) roughly correspond to L < 3, 3 < L < 5 and
L > 5 �A, respectively. The present GLAD di�rac-
tometer provided reliable data over the Q-range
appropriate to the characterization of SRO and
IRO [14]. For investigations of possible extended-
range order structures, measurements extending to
smaller Q values would be more suitable.

3.1. Lead±indium phosphate glass

Fig. 2 shows the measured S(Q) of the
(PbO)56:3(In3O2)4:2(P2O5)39:5 glass and of a pure,
anhydrous P2O5 glass. In a-P2O5 the ®rst two
peaks at 1.30 and 2.12 �Aÿ1 are characteristic
of its IRO of the 3D network of PO4 tetrahedra.
A drastic change of the IRO in the
(PbO)56:3(In3O2)4:2(P2O5)39:5 glass can be seen from
the replacement of the two peaks of a-P2O5 by a
single peak for a-Pb±In±P±O at 1.90 �Aÿ1, which
corresponds to a correlation length of 3.3 �A. This
indicates that the IRO structure in a-P2O5, char-
acterized by the corner-sharing PO4 tetrahedra

each of which is occupied by three bridging and
one terminated oxygen vertices, is broken down
into smaller units by the modi®er cations. On the
other hand, for Q > 2.5 �Aÿ1, the peak maxima in
the S�Q� of pure a-P2O5 and the Pb±In±P±O glass
coincide. The main di�erence in the high-Q data
between two glasses is that the widths of the
oscillations in S�Q� are somewhat sharper in pure
a-P2O5. This indicates that the SRO related to the
P±O and O±O spatial correlation in these two
glasses is similar: the larger widths and stronger
damping of the oscillations for the Pb±In±P±O
glass may re¯ect the smaller weight (scattering
cross-section) of the P±O correlation and/or a
narrower distribution of bond lengths and bond
angles between PO4 units in pure a-P2O5. There-
fore, the e�ects of structural modi®cation by the
metal cations occur mainly in the IRO, while the
SRO of the basic PO4 tetrahedral units is retained.

The T(r) of the Pb±In±P±O glass, obtained ac-
cording to Eqs. (1) and (2) where a Lorch function
was used in the Fourier transform with Qmax� 25
�Aÿ1, is shown in Fig. 3(a). It oscillates about a line
with a slope given by the density of the glass. The
peak centered at �1.54 �A corresponds to the mean
nearest P±O distance, as observed in the di�raction
data of many phosphate glasses [1,17±22]. The
peak at �2.5 �A includes a major contribution of
the nearest O±O correlation as well as the Pb±O
correlation. For comparison, the T(r) of pure a-
P2O5, scaled by a normalization factor of 0.6 so as
to produce the same area under the ®rst P±O peak,
is also shown in Fig. 3(a). It can be seen that
within the region of 2±3 �A there is excess intensity
in the Pb±In±P±O glass data which arises from the
In±O and Pb±O coordination. (A comparison of
the curves at longer distances is not valid because
the structure of the PO4 network is signi®cantly
a�ected by the introduction of PbO and In2O3.)

In order to extract more information about the
SRO exhibited by the lead and indium ions, we
®tted the P±O and O±O peaks in the scaled T(r)
curves of pure a-P2O5 in Fig. 3(a) by Gaussian
functions and then removed the ®tted Gaussians
from the T(r) of the Pb±In±P±O glass. The residual
T(r), as shown in Fig. 3(b), reveals two broad
peaks that can be attributed to In±O and Pb±O
correlation at about 2.1 and 2.5 �A, respectively, for

Fig. 2. The structure factors of the Pb±In±P±O and pure P2O5

glasses.
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the Pb±In±P±O glass. Based on this information
we performed a peak-®tting analysis of the P±O,
In±O and Pb±O + O±O contributions, which is
described in Section 3.2. The average distance
(2:10� 0:04 �A) and coordination number
(5.5 � 0.5) for the In±O pair were found to be close
to the octahedral arrangement of oxygens around
a central indium atom (In±O bond length of 2.18
�A) in the In2O3 crystal structure [23].

3.2. Lead±scandium phosphate glass

Unlike indium, scandium has a large coherent
scattering cross-section and exhibits no resonance
within the neutron energy range of interest here,
hence the (PbO)54:2(Sc3O2)3:6(P2O5)42:2 glass is more
suitable for neutron studies. In order to achieve a

quantitative analysis of the local environment of
the Sc3� ions, we prepared a (PbO)58:8(P2O5)41:2

glass for di�raction measurements under identical
experimental conditions. As can be seen in Fig. 4, a
signi®cant di�erence only appears at the low-Q
region. In other words, the presence of the Sc at-
oms mainly a�ects the IRO structure.

Fig. 5(a) shows the T(r) functions of lead±
phosphate glasses with and without Sc. The good
data quality allowed the use of a Qmax (�34 �Aÿ1)
higher than that in the case of a-Pb±In±P±O. The
peak centered at 1.54 �A corresponds to the mean
nearest P±O distance. The peak at 2.52 �A includes
a major contribution of the nearest O±O correla-
tion as well as the Pb±O correlation. The residual
T(r) obtained by subtracting the Pb, P and O
contributions of the a-Pb±P±O data from the data
of the a-Pb±Sc±P±O reveals the correlation of Sc
and O around 2.0±2.1 �A. We ®tted the T(r) pro®les
representing the appropriate P±O, Pb±O + O±O
and Sc±O for both glasses. The result of the ®t for
the a-Pb±Sc±P±O is shown in Fig. 5(b). The av-
erage bond distance and coordination number of
P±O (1.54 � 0.01 �A, 4.0 � 0.1), Pb±O (2.52 �A, 5.3)
and O±O (2.52 �A, 3.67) are the same for the two
glasses. In the calculations of Pb±O coordination
number, we assumed an identical Pb±O and O±O
bond distance which was determined by the posi-
tion of the single peak at 2.52 �A. The NO±O coor-
dination number was ®rst determined from the
composition of the Pb±P±O or Pb±Sc±P±O glass
using the expression [24]

Fig. 4. The structure factors of the Pb±Sc±P±O and Pb±P±O

glasses. The di�erence-S(Q) is shown at the bottom of the

graph.

Fig. 3. (a) The total distribution functions of the Pb±In±P±O

and pure P2O5 glasses. The T(r) of the P2O5 glass was scaled by

a normalization factor of 0.6 so that both curves cover the same

area under the ®rst P±O peak. (b) The residual T �r� obtained by

subtracting the ®tted Gaussian functions for T �r� of the P±O

glass from the T �r� of the Pb±In±P±O glass. Small oscillations

at r < 2 �A due to truncation errors in the Fourier transfor-

mations were ignored.
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No±o � 24

5� y
; �5�

where y is the molar ratio of PbO to P2O5 and the
corresponding contribution in T(r) was evaluated.
An NPb±O of 5.2 was then obtained from the re-
sidual peak area. We did not assign any uncer-
tainties to these values. Finally, the average bond
distance and coordination number of Sc±O in the
Pb±Sc±P±O glass (2.11 � 0.02 �A, 6.2 � 0.3) were
obtained (see Table 1). The coordination numbers
for Pb±O 1 and Sc±O agree well with those found

in a lead±metaphosphate glass by Hoppe et al. [19]
and Musinu et al. [25] and in a Sc2O3 crystal by
Knop and Hartley [26].

4. Discussion

From the neutron di�raction results for the four
phosphate glasses studied, certain de®nite obser-
vations can be made. First, the linkage of corner-
sharing PO4 tetrahedra in vitreous P2O5 is broken
down by the incorporation of PbO. The origin of a
prepeak at 1.30 �Aÿ1 followed by the otherwise ®rst
peak at 2.12 �Aÿ1 in the structure factor of a-P2O5

(see Fig. 2) was investigated by several authors
[13,16,27±29]. Elliott [28] described the appearance
of the prepeak by a model based on structural
ordering of interstitial voids. Hoppe et al. [16,29]
studied this feature by reverse Monte Carlo sim-
ulations and a careful comparison of it with the
crystalline phases of P2O5. We attempted a quali-
tative description in terms of a Random Packing
of Structural Unit (RPSU) model [30] based on
oriented P4O10 molecular-like units with pairwise
orientations derived from the pseudo-body-center
unit cell of the crystalline form of P2O5 (space
group R3c) [13,31,32]. Although the exact nature
of the IRO is not completely understood, the
present results support a transformation from a
network structure in a-P2O5 to one of short PO4-
chains terminated by metal±oxygen bonds in the
Pb±(In, Sc)±P±O glasses. Second, the SRO struc-
ture, i.e., P±O correlations in the PO4 distorted
tetrahedra, does not change dramatically over the
ultra-to meta-to pyro-phosphate composition
range. Third, doping a small amount of In3� and
Sc3� ions to the lead±phosphate glasses further
changes the IRO. We analyzed the local structure
of the In and Sc atoms by the methods described in
Sections 3.1 and 3.2 and obtained consistent re-
sults for both cases. The correlation distances and
coordination numbers of various atomic pairs in
these four glasses are given in Table 1. The In±O
and Sc±O distances (2.1 �A) were found to be
shorter than that of PbAO (2.52 �A) and the co-
ordination number for In±O (5.5) and Sc±O (6.1)
were found to be higher than that for Pb±O (5.3).
The structural environment of In or Sc is smaller

1 The de®nition of NPb±O is not consistent among di�erent

authors. Here we de®ne NPb±O as the number of O atoms

surrounding a Pb atom at a mean distance of ~2.52 �A. The Pb±

O numbers obtained by di�erent authors are in good agree-

ment.

Fig. 5. (a) The total distribution functions of Pb±Sc±P±O and

Pb±P±O glasses and the residual T(r) (bottom curve). (b) A ®t

of the T(r) of the Pb±Sc±P±O glass with convolved Gaussian

functions representing the correlations of nearest atomic pairs.
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and more compact than that of Pb, which suggests
that the addition of In2O3 or Sc2O3 cannot be re-
garded as a simple replacement of corresponding
Pb and O atoms.

5. Conclusions

The present study of the Pb±In±P±O and Pb±
Sc±P±O glasses is motivated by their favorable
optical characteristics combined with the unique
physical properties of phosphate glasses such as
their relatively low preparation temperature, low
melt viscosity and large thermal expansion [11,33].
The optical behavior depends on, among other
factors, the nature of the oxygen±metal electronic
structure as well as the intra- and inter-ionic
transitions associated with the bonding and anti-
bonding states. Such electronic structure and the
associated optical properties of amorphous semi-
conducting materials are too complex to assess
rigorously by theory [34]. Accurate structural
information is often lacking. In the case of MO±
P2O5 glasses, the increasing covalency and polari-
zability in going from Zn to Cd to Pb and the
consequences to the ligand±®eld interactions be-
tween dopant ions and neighboring ions are noted
by Klonkowski [35]. The optical basicity was es-
timated without the knowledge of the local envi-
ronment of the dopant ions. For transition-metal
ions with dn-con®gurations, the optical properties
are usually explained by excitations of d-electrons
among the ligand±®eld-split states [36,37]. How-
ever, for Sc and In ions, the delocalized outer or-
bitals and their hybridization with the neighboring
oxygen states are more important [38]. The present
neutron data suggest that an octahedral sur-
rounding (NM±O� 6) is appropriate for the mod-
eling of the electronic environment for the In and
Sc ions in lead±phosphate glasses.

A key factor in the potential applications of Pb±
In±P±O and Pb±Sc±P±O glasses is the signi®cantly
enhanced chemical durability compared to the
parent Pb±P±O glasses. Sales and Boatner [11]
demonstrated the excellent staining, acid and cli-
mate resistance of these glasses and discussed the
corrosion mechanisms in terms of the hydration
process and acid/base reactions in the kineticT
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regime and long-term durability in the solubility-
limit regime. This phenomenon is usually discus-
sed in terms of the IRO structure introduced by
the modi®er cations, i.e., the induced structural or-
ganization of the building blocks of the PO4 tetra-
hedra and the MOn polyhedra [39±42]. The present
neutron-di�raction data clearly show the break-
down of the 3D corner-sharing network of PO4

tetrahedra in the lead phosphate glasses. This result
is consistent with most di�raction and spectroscopic
studies of many binary and ternary phosphate
glasses [1,13,19±21,43±46]. Speci®cally, the Pb±O
distance (2.52 �A) and coordination number (5.2)
agree well with di�raction data obtained by Hoppe
et al. [19] and Musinu et al. [47] and with the EXAFS
results of Greaves et al. [25,45]. Furthermore, ad-
ditional modi®ers such as M@Fe, Al, or Cu added
to lead- or alkali-phosphate glasses play a key role in
the strengthening of the glass structure by cross-
linking di�erent PO4 chains. The local structure of
these cross-linking junctions is thought to consist of
MOn polyhedra. Con®gurations of FeO6, AlO4,
AlO5, AlO6, MoO6 and CuO6 have been proposed
in various phosphate glasses [21,37,41,44,45,47,48].
The present study suggests that octahedrally coor-
dinated InO6 and ScO6 structures are relevant to the
increased chemical durability of Pb±In±P±O and
Pb±Sc±P±O glasses.

The structure of the shortened PO4 chains in
terms of their length and orientation distribution
in phosphate glasses is another important struc-
tural factor. It was found empirically that a short
average PO4 chain length in the glass structure is
essential to high corrosion resistance. High-per-
formance liquid chromatography measurements
showed an average chain length of 2.2 and 3 for
the Pb±In±P±O and Pb±Sc±P±O glasses, respec-
tively and the chemical durability is somewhat
higher for the Pb±In±P±O glass [11]. However, the
spatial organization and length distribution of the
chains cannot be assessed by the present neutron-
di�raction experiment because the data did not
extend to su�ciently low-Q values. The nature of
the PO4 chain-like structure should be manifested
through the ERO in the di�raction pro®le. Inves-
tigations of the chain structure in the solid state by
means of small-angle neutron scattering are cur-
rently under way.

Acknowledgements

We thank K.J. Volin for his assistance in the
neutron experiments. Work performed at Ar-
gonne and Oak Ridge is supported by the
U.S.DOE-BES, Division of Materials Sciences,
under Contact Nos. W-31-109-ENG-38 and DE-
AC05-96OR22464, respectively.

References

[1] C.-K. Loong, K. Suzuya, D.L. Price, B.C. Sales, L.A.

Boatner, Physica B 241±243 (1998) 890.

[2] S.W. Martin, Eur. J. Solid State Inorg. Chem. 28 (1991)

163.

[3] B.C. Sales, MRS Bull. (1987) 32.

[4] R.C. Ropp, Inorganic Polymeric Glasses, Elsevier, Am-

sterdam, 1992.

[5] Y. Abe, H. Hosono, in: T. Kanazawa (Ed.), Inorganic

Phosphate Materials, Elsevier and Kodansha, New York,

1989, p. 247.

[6] U. Hoppe, J. Non-Cryst. Solids 195 (1996) 138.

[7] J.R. Van Wazer, Phosphorus and its Compounds, Inter-

science, New York, 1958.

[8] B.C. Bunker, G.W. Arnold, J.A. Wilder, J. Non-Cryst.

Solids 64 (1984) 291.

[9] B.C. Sales, M.M. Abraham, J.B. Bates, L.A. Boatner,

J. Non-Cryst. Solids 71 (1985) 103.

[10] B.C. Sales, L.A. Boatner, J. Non-Cryst. Solids 79 (1986)

83.

[11] B.S. Sales, L.A. Boatner, J. Am. Ceram. Soc. 70 (1987)

615.

[12] J.J. Hudgens, S.W. Martin, J. Am. Ceram. Soc. 76 (1993)

1691.

[13] K. Suzuya, D.L. Price, C.-K. Loong, S.W. Martin, J. Non-

Cryst. Solids 232±234 (1998) 650.

[14] A.J.G. Ellison, R.K. Crawford, D.G. Montague, K.J.

Volin, D.L. Price, Neutron J. Res. 1 (1993) 61.

[15] E. Lorch, J. Phys. C 2 (1969) 229.

[16] U. Hoppe, G. Walter, A. Barz, D. Stache, A.C. Hannon,

J. Phys. 10 (1998) 261.

[17] K. Suzuki, M. Ueno, J. Phys. (Paris) 46 (1985) C8.

[18] K. Suzuya, D.L. Price, C.-K. Loong, S.W. Martin,

J. Chem. Phys., 1999, in press.

[19] U. Hoppe, G. Walter, D. Stachel, A.C. Hannon, Z. Nat-

urforsch. 50a (1995) 684.

[20] A. Musinu, G. Paschina, G. Piccaluga, G. Pinna, J. Non-

Cryst. Solids 177 (1994) 97.

[21] U. Hoppe, G. Walter, R. Kranold, D. Stachel, A. Barz,

J. Non-Cryst. Solids 192&193 (1995) 28.

[22] U. Hoppe, G. Walter, R. Kranold, D. Stachel, A. Barz,

A.C. Hannon, Physica B 234±236 (1997) 388.

[23] M. Marezio, Acta Crystallogr. 20 (1966) 723.

[24] U. Hoppe, J. Non-Cryst. Solids 183 (1995) 85.

K. Suzuya et al. / Journal of Non-Crystalline Solids 258 (1999) 48±56 55



[25] A. Musinu, G. Piccaluga, G. Pinna, J. Non-Cryst. Solids

122 (1990) 52.

[26] O. Knop, K.M. Hartley, Canad. J. Chem. 46 (1968) 1446.

[27] A.C. Wright, R.A. Hulme, D.I. Grimley, R.N. Sinclair,

S.W. Martin, D.L. Price, F.L. Galeener, J. Non-Cryst.

Solids 129 (1991) 213.

[28] S.R. Elliott, J. Non-Cryst. Solids 182 (1995) 40.

[29] U. Hoppe, G. Walter, R. Kranold, D. Stachel, Z.

Naturforsch. 53a (1998) 93.

[30] S.C. Moss, D.L. Price, in: D. Adler, H. Fritzsche, S.R.

Ovshinsky (Eds.), Physics of Disordered Materials, Ple-

num, New York, 1985, p. 77.

[31] M. Jansen, B. L�uer, Z. Kristallogr. 177 (1986) 149.

[32] M. Jansen, M. L�obs, Z. Kristallogr. 159 (1986) 283.

[33] G. Guo, Y. Chen, J. Non-Cryst. Solids 162 (1993) 164.

[34] E.A. Davis, N.F. Mott, Philos. Mag. 22 (1970) 903.

[35] A. Klonkowski, Phys. Chem. Glasses 22 (1981) 163.

[36] T. Bates, in: J.D. Mockenzie (Ed.), Modern Aspects of the

Vitreous States, vol. 2, Butterworths, London, 1960, p. 195.

[37] B.-S. Bae, M.C. Weinberg, J. Non-Cryst. Solids 168 (1994)

223.

[38] C. Dayanand, R.V.G.K. Sarma, G. Bhikshamaiah, M.

Salagram, J. Non-Cryst. Solids 167 (1994) 122.

[39] G. Walter, U. Hoppe, T. Baade, R. Kranold, D. Stachel, J.

Non-Cryst. Solids 217 (1997) 209.

[40] X. Yu, D. Day, G.J. Long, R.K. Brow, J. Non-Cryst.

Solids 215 (1997) 21.

[41] G.K. Marasinghe, M. Karabulut, C.S. Ray, D.E. Day,

M.G. Shumsky, W.B. Yelon, C.H. Booth, P.G. Allen,

D.K. Shuh, J. Non-Cryst. Solids 222 (1997) 144.

[42] P.Y. Shih, S.W. Yung, T.S. Chin, J. Non-Cryst. Solids 224

(1998) 143.

[43] B.C. Sales, R.S. Ramsey, J.B. Bates, L.A. Boatner, J. Non-

Cryst. Solids 87 (1986) 137.

[44] R.K. Brow, R.J. Kirkpatrick, G.L. Turner, J. Am. Ceram.

Soc. 73 (1990) 2293.

[45] G.N. Greaves, S.J. Gurman, L.F. Gladden, C.A. Spence,

P. Cox, B.C. Sales, L.A. Boatner, R.N. Jenkins, Philos.

Mag. 58 (1988) 271.

[46] Y. Lin, Y. Zhang, W. Huang, K. Lu, Y. Zhao, J. Non-

Cryst. Solids 112 (1989) 136.

[47] A. Musinu, G. Piccaluga, G. Pinna, J. Phys. Chem. 100

(1996) 12462.

[48] B.V.R. Chowdari, K.L. Tan, W.T. Chia, R. Gopalakrish-

nan, J. Non-Cryst. Solids 119 (1990) 95.

56 K. Suzuya et al. / Journal of Non-Crystalline Solids 258 (1999) 48±56


