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Although the metaphosphate glasses R (POs); containing high concentrations of rare-earth R3* ions
have potentially important applications in optical communications and laser technologies, there is little
previous information about their structures. To establish the essential features of the structure of such a
glass, the complementary techniques of x-ray diffraction and extended x-ray-absorption fine structure
(EXAFS) have been used upon the terbium metaphosphate glass, having a composition found by elec-
tron probe microanalysis to be (Tb,03)g 26(P205)o.74. The combination of the two techniques allows for a
more comprehensive interpretation of the structural data, since each method suffers from differing
analytical problems, notably the composite radial distribution function obtained from diffraction, and
the present lack of a good calibrant for the EXAFS experiment. The diffraction results prove to be con-
sistent with a network model dominated by a phosphate glass skeleton constructed from PO, tetrahedra
bonded to adjacent tetrahedra via bridging oxygen atoms. This previously unestablished structural mod-
el has been used formerly to interpret a wide range of thermal, ultrasonic and optical properties. The
EXAFS, being an atom-type specific probe, have provided the more direct information on the local
structure at the rare-earth ion site in vitreous (Tb,03)g 26(P,05)o.74: notably a strong correlation in 2.25
A, associated with an average coordination number of 7+ 1 for oxygen atoms surrounding a Tb*>* ion.
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I. INTRODUCTION

Glasses doped with small quantities of rare-earth ele-
ments have received increasing amounts of attention due
to their wide range of novel optoelectronic applications.
Silicate systems have attracted most interest due to the
great technology advance in fabrication of doped optical
fibres of suitable quality for inclusion in industrial sys-
tems. Phosphate glass systems have tended to lag behind,
partly due to their lower resistance to moisture contam-
ination, which is detrimental to optical performance, and
secondly the very success of silicate systems in the field.
However it is possible to make phosphate glasses
(R,0,),(P,0s4),_, where R represents one of the rare-
earth elements La—Lu or Y, where the mole fraction x of
rare-earth ions is very large (x =0.25).!73 These glasses
have a range of fundamentally interesting optical, acous-
tic, nonlinear acoustic, and magnetic properties which
show considerable potential for applications in optical
data transmission, detection, sensing, and laser technolo-
gies.** During the manufacture of these rare-earth phos-
phate glasses it has been found that even when the start-
ing charges are varied from 5 to 25 mol % of R,0,;, the
compositions of the end product glasses each turned out
to be similar and close to (R,03) 25(P,O5)g 75. This cor-
responds to the stoichiometric metaphosphate composi-
tion R(PO;);. We have found that these rare-earth meta-
phosphate glasses R(PO;); are particularly stable to wa-
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ter compared with the corresponding materials made
with alkali or transition-metal ions.’

The rare-earth dopant incorporated into the glass ma-
trix provides the electronic energy-level structure allow-
ing the manufacture of optical devices such as glass host
lasers and optical amplifiers and is the key to some novel
magnetic properties. Information about the atomic
structure of rare-earth metaphosphate glasses R(POs); is
sparse. The most important feature to establish is the
identity of the structural units. To date, most structural
studies of binary phosphate glasses have been made on
glasses in which the network modifier consist of either
monovalent or divalent ions rather than rare-earth ions.
The essential structural information which has accrued
from these studies has been reviewed by Van Wazer® and
Martin.” For phosphate glasses in general, chains, rings,
and branched polymeric units of interconnected PO,
tetrahedra can be produced by corner sharing oxygen
atoms between the tetrahedra. Neglecting resonance, it
can be assumed simplistically that one of the four oxygen
atoms in a tetrahedron is doubly bonded to the phos-
phorus and does not take part in the network bonding.
There are a number of building units from which phos-
phates can be constructed. One is the branching PO,
unit in which three oxygen atoms are shared with neigh-
boring PO,, units. Another is the middle unit in which
two oxygen atoms are shared with neighboring PO, and
there is one negative charge which is neutralized by a cat-
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ion. Finally in an end unit one oxygen is shared with
another PO,, and there are two negative charges. Pairs
of PO, tetrahedra can share only one corner via a bridg-
ing oxygen atom. If any cation is denoted by M, then all
phosphates with a univalent ion modifier can be written
as xM,0-yP,0s; then a metaphosphate has the composi-
tion corresponding to the ratio r, equal to M,0/P,0;, of
unity. For a trivalent rare-earth cation M,0 would be
replaced by R,0; leading to the metaphosphate R(PO;);.
In principle, any structure made of middle groups com-
pletely will fit the metaphosphate formula; consensus is
that the fundamental skeletal structure is probably
comprised of long chains of interconnected middle PO,
tetrahedra, although in fact any closed ring made solely
from middle units also satisfies the metaphosphate formu-
la. Furthermore it should be noted that inclusion of an
end unit on a chain, can be offset by a corresponding in-
clusion of a branching unit, still maintaining the meta-
phosphate stoichiometric balance. To find out how these
criteria meet the atomic arrangement in the rare-earth
metaphosphate glasses, it is necessary to make detailed
structural investigations using probes for different aspects
of the structure. To avoid as far as possible complexities
involving branching, middle, and end PO, units and how
their relative numbers might depend upon glass composi-
tion, such a study needs to be carried out on a glass with
a composition as close as possible to that defined by the
metaphosphate formula (R,05)y ,5(P,05)g 75, Which cor-
responds to R(PO;);, Hence, the present study has been
concentrated on a glass of formula (Tb,03) 26(P,05).74
well-characterized by a wide variety of physical property
measurements.

To date, the most instructive information concerning
the structure of rare-earth metaphosphate glasses has ac-
crued from use of the high-frequency region of the
Raman-scattering spectrum to identify the vibrational
modes within the molecular units which comprise the
glass network."®~!! Studies of the vibrational modes of
phosphate glasses containing Pr’* and Dy’" ions have
been carried out using infrared, far infrared,® and of
binary CeO,-P,05 and Pr,0;-P,05 glasses, using Raman
spectroscopy.’ The Raman spectra of metaphosphate
(Sm,03), (P,Os); ., glasses are consistent with vibration-
al motions of structural units comprised of corner linked,
PO, tetrahedra.! Raman spectra obtained for lantha-
num,' europium,!®!! and gadolinium!! metaphosphate
glasses closely resemble those of the samarium phosphate
glasses,! indicating similarity of their basic structure re-
gardless of the rare-earth cation. In general the spectral
assignments suggest that PO, tetrahedra do comprise the
basic skeletal structure of each of these glasses but this
conjecture needs to be put on a firmer footing. Greaves
et al.'? have applied extended x-ray-absorption fine struc-
ture (EXAFS) to construct a modified random network
model for mixed lead-iron phosphate glasses in the meta-
phosphate regime. Their work indicates a structure
comprised of metaphosphate chains cross linked by the
lead and iron ions. The morphology of the modified re-
gions complement the phosphate chain structure, form-
ing channels that bifurcate through the structure. The
iron occupy well-defined octahedral sites, as compared
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with the lead ions, which have a far more disordered en-
vironment. Here we report the use of x-ray diffraction
and EXAFS to characterize the local structure of the rare
earth in a (Tb,0;3)g 26(P,O5)g 74 glass. The experiments
were performed at the synchrotron radiation source at
the Daresbury Laboratory, UK. The x-ray-diffraction re-
sults provide information on the general phosphate glass
network, while the EXAFS is a direct probe of the local
atomic environment of the terbium atoms.

II. EXPERIMENTAL PROCEDURE

Metaphosphate  glasses of  general formula
(R,03)g.25(P,05)g 75 can be made by melting mixtures of
the rare-earth oxide with phosphorus pentoxide P,O5 in a
furnace and then casting into a mold.! The major
difficulties encountered stem from the elevated tempera-
tures needed, since the melting temperature of these
glasses lies in the range 1300—-1800°C. A stoichiometric,
well mixed charge comprized of terbium oxide of 99.9%
purity and phosphorus pentoxide was first made up and
placed in a closed alumina crucible. To react the constit-
uents, the mixture of Tb,0; and P,05 in the crucible was
heated in an electrical muffle furnace at a temperature of
500°C for about 1 h and then the temperature was pro-
gressively raised up to 1650°C. This procedure was
adopted so as to ensure melting and mixing the glass
thoroughly. Usually the molten glass contained
numerous gas bubbles, trapped in the high viscosity mix-
ture. To remove these inclusions, a process of refining
was carried out. This consisting of raising the tempera-
ture of the molten glass to a higher temperature.
(+100°C) than the melting point, reducing the viscosity
and so increasing the rate at which the bubbles rose to
the surface. To promote homogeneity, the furnace tem-
perature was decreased and then increased to about
100°C below and above the melting point several times
for periods of about 15 min each, before finally setting it
rather above the melting temperature at 1650°C. After
being checked, the melt was cast by pouring as fast as
possible into a hot steel split cylindrical mold 10 mm in-
side diameter and 40 mm long which had been previously
heated in an annealing furnace held at the temperature
650°C at which the glass produced was subsequently to
be annealed. After casting, the glass in its mold was im-
mediately transferred to an annealing furnace where it
was kept for 48 h to relieve any residual stresses, which
could cause embrittlement. In particular, the glass must
not contain any appreciable residual stress which is likely
to result in breakage during cutting and polishing. At
the end of this annealing process, the furnace was
switched off and the glass left to cool down to room tem-
perature gradually by controlled thermal treatment at a
cooling rate of 0.5 °C/min.

Glass compositions were determined using an electron
probe microanalyzer fitted with wavelength dispersive
spectrometers. A pure single crystal of Tb;Fe;O;, was
used as a standard. Regardless of the starting constituent
ratios, glass formation occurs when as a consequence of
volatilization of P,O5 the metaphosphate glass composi-
tion range has been reached, nominally 25 mol % rare-
earth oxide.!® This was true for the terbium phosphate
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The x-ray-diffraction and EXAFS experiments, were
performed at the SRS, Daresbury Laboratory, UK, in the
former case using a high intensity line with the synchro-
tron radiation being produced through a 5-T supercon-
ducting wiggler. The diffraction experiment was per-
formed in a /20 transmission geometry, and at an x-ray
wavelength of 0.5 A. This geometry was chosen as it
simplifies many of the necessary corrections. The 26 an-
gular range measured was chosen to be 2° to 130° in 0.2°
steps giving a nominal k range [k =(4msin6)/A] of 0.4 to
23 A7, although the data was of limited statistical quali-
ty beyond k ~21 A~!. The EXAFS spectrum was taken
in standard transmission mode at the Tb Ly;; edge, giving
an approximate analyzable EXAFS k range of
2-11 A, This corresponds to a diffraction k range of
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the atomic self-scattering function for atom type j witilin
the unit of composition, and f, is an average electron
scattering form factor evaluated from a knowledge of the
total number of electrons in the defined unit of composi-
tion and the calculated total atomic scattering factor.
The electron-density distribution function ¢ (7) was evalu-
ated using the Fourier transform relation:
k

t(n=2arp, 32;+ [,

max

ki (k)w(k)sin(kr)dk , (2)

min

where p, is the average electron density of the sample,
SucZ; is the total number of electrons in the scattering
unit, and w (k) an applied window function to suppress
transform ripple caused by the finite range of the data.!®
For this particular analysis, the function applied is

(3)

TABLE 1. Properties of terbium phosphate (Tb,03), (P,0s),_, glasses in comparison with those of the samarium and europium

analog.

Property

Terbium phosphate (Tb,03), (P,0s);—,

glasses (Sm,03),(P,05), —» (Euy03), (P,0s)1—y

Composition x 0.226 0.247 0.263 0.271 0.224 0.252
Density (kg/m?) 3435 3501 3578 3666 3280 3438

Elastic stiffness (N/m?) C5; 73.9 74.8 76.2 78.3 66.4 70.4

Ci 24.2 25.4 25.7 25.3 23.6 23.2

Bulk modulus (N/m?) B§ 41.6 40.9 42.0 445 34.9 39.5
Fractal dimension (4C%,/B3) 2.33 2.48 2.45 2.27 2.71 2.35
Debye temperature 6, 363 K 366 K 364 K 359 K 363 K 353 K
















