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PHYSICAL REVIEW B

VOLUME 51, NUMBER 9

EXAFS and x-ray structural studies of (Tb,03), 26(P,05)o 74 metaphosphate glass
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Physics Laboratory, The University of Kent at Canterbury, Canterbury, Kent, CT2 7NR, United Kingdom

B. D. Rainford
Physics Department, University of Southampton, Highfield, Southampton, SO9 SNH, United Kingdom

G. A. Saunders and H. B. Senin
School of Physics, University of Bath, Claverton Down, Bath, BA2 7AY, United Kingdom
(Received 1 September 1994)

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.

1 MARCH 1995-1

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



51

glasses. To characterize the glasses further, their elastic
properties have been measured by the ultrasonic pulse-
echo overlap technique and optical absorption, Raman
spectra, and magnetic susceptibility have been deter-
mined. The elastic constant results are compared with
those of samarium and europium metaphosphate glasses
in Table I. The glasses modified by terbium are rather
denser than their samarium or europium analogs, in ac-
cord with the lanthanide contraction. They are also rath-
er stiffer, having a somewhat larger bulk modulus. Laser
fluorescence studies have established that the terbium ion
is trivalent in this glass; further details of this and of oth-
er optical and acoustic properties of these terbium phos-
phate glasses will be published elsewhere.

The glass used for the diffraction and EXAFS experi-
ments was powdered, by crushing between two steel
plates and subsequently using an agate mortar and pestle,
this glass powder then being dusted onto tape for easy
mounting in an x-ray beam. Care was taken to avoid wa-
ter contamination, although experiments were not per-
formed under dry air or vacuum conditions. Analysis us-
ing the fast Fourier infrared absorption technique has
shown that the water content of these rare-earth meta-
phosphate glasses is less than 0.1 mol %.!!

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

1=3(k /kpax)? s k| <Kpax /3
w(k)=13/2[1=2|k/k, | +(k/k )], k
0 |kl>k

max

max*
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4-22 A™', due to the 2k dependence of the EXAFS
theory. The same sample was used for both the
diffraction and the EXAFS experiments.

III. DATA TREATMENT AND ANALYSIS

The diffraction data were corrected for beam polariza-
tion, variations in incident flux, background scattering
effects and sample illuminated volume variation on rota-
tion. The correction and normalization procedures
adopted were those described by Huxley,! based upon an
iterative method of constrained fitting of the absorption,
incoherent or Compton scattering, and the self-scattering
parameters. General data analysis is based upon the text
by Warren.!* The structure function i (k) is obtained by
the relationship:

Ieu/JV_ij2
i(k)= 72 =

where I, is the corrected intensity function (scaled to
electron units), N is the number of scattering units (uc) in
the sample [in this work the base unit was chosen to be of
metaphosphate stoichiometry, R(POs);] scaled to 1, f; is
the atomic self-scattering function for atom type j within
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;+ [,

(1

b

ki (k)w(k)sin(kr)dk |

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,O5);—,

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
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This electron density function #(r) is weighted in elec-
trons and is fitted with pair functions defined by

f maxf]fl

;(r)= — 5w (k)sin(kr; )sin(kr)dk , 4)

where

t(ry= 22 P (7). (5)

Data analysis proceeds by calculation of the Py; for vari-
ous 7;; with known atom-type pairings, such as P-O and
Tb-O, assigned to distances that correspond to peak posi-
tions within the #(r) curve. The area of the pair function
is then scaled to the area of the peaks in the #(r) curve,
the scaling factor being the coordination number N,
corresponding to the number of distances 7;; in the
scattering unit of comparison. Due to the complex na-
ture of the composite distribution function #(r) obtained
from a single diffraction experiment, independent infor-
mation is necessary if physically meaningful information
is to be extracted from the data. Here this is supplied by
the EXAFS data taken on the same system. Since (7) is
a function representing the electron density variations
within the system, it is often difficult to interpret mean-
ingfully. However if the first few peaks in the function at
low r are independent, a reasonable estimate of coordina-
tion numbers can be made. If these low r peaks are not
isolated features, this becomes a very difficult procedure.
The criteria that 7(r) be zero below the first physically
acceptable atomic correlation distance is not valid in the
case of x-ray studies, since it is the electron distribution
that is being probed.

Absolute determination of a suitable, accurate scatter-
ing unit from which to scale the diffraction data is ex-
tremely difficult, on account of P,Os volatilization losses
during manufacture of the glass. Constituent ratios have
been chosen to be those determined by the electron mi-
croprobe (Tb,03)g 26(P205)g 74 Which were close to the
metaphosphate stoichiometry Tb(PO;);. Uncertainties in
estimating component ratios can have serious effects on
the determination of the atomic self-scattering function
Suf j2. However, in this case the microprobe data give
credence to the adoption in our analysis of the metaphos-
phate composition Tb(PO;);, and we are confident that
the associated base unit of composition is a good approxi-
mation.

The EXAFS data analysis was performed using the
standard Daresbury Laboratory EXAFS analysis suite of
programs, notably EXCALIB, EXBACK, and EXCURV90,'®
which, respectively, perform the tasks of

(i) Summation of multiple data sets and calibration of
their edges and absorptions.

(ii) Background subtraction and normalization of the
EXAFS signal.

(iii) Fitting of the EXAFS spectrum by means of the
fast curved wave theory.!”!?

Since no suitable standard samples were available at
the time of the EXAFS experiment, calibration of the
sample dependent parameters in the EXAFS model, not-
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ably the amplitude reduction factor A4 (k) accounting for
inelastic-scattering effects damping the EXAFS signal,
was not possible.”” To allow for this, larger errors are
quoted for the evaluated coordination numbers N,. In
spite of this, valuable information is still accessible. Ex-
amination of the phenomenological plane wave equation,
which can be used to describe the EXAFS spectra, estab-
lishes the relationships between parameters

x(k)= 400 3

kR2 | f(k,m);|sin(2kR; +28+ ;)

X exp exp[—20%k%].  (6)

In EXAFS, k is the wave vector of the freed photoelec-
tron. Note the direct correlation in the two variables
A (k) and N;. A(k) typically varies between 0.7 and 0.9,
depending upon the atomic number of the excited atom
type, but is also somewhat dependent upon the data nor-
malization procedures. If no calibrant system is avail-
able, this range of values can give a crude estimate of the
possible variation in N;. The other parameters in this ex-
pression are R;, the distance between the excited atom
and the neighboring electron backscattering atom i,
f(k,); is a measure of the strength of backscattering of
the atom type i, 8§ is the phaseshift induced in the elec-
tron wave as it propagates through the excited atom po-
tential, whilst @; is the phaseshift induced by the back-
scattering atom potential, A is a mean free path term to
account for the finite lifetime of the propagating electron
wave, and o is the exponent in the Debye-Waller term to
account for static and vibrational disorder in the
structural system under examination.

The plane-wave equation is a very crude model for
EXAFS and is not used in the EXCURV90 code,'® which
uses the far more reliable fast curved wave theory'”!'® or
the small atom approximation.?

IV. RESULTS AND DISCUSSION

Figure 1 shows the fit of the diffraction intensity profile
corrected for experimental effects (solid line), to the
atomic self-scattering (broken line) determined for the
metaphosphate unit of composition Tb(PO;);. The quali-
ty of this fit corroborates the chemical composition of the
glass determined by the electron probe microanalysis as
metaphosphate.

The i (k) and ¢ (r) derived from the diffraction data are
shown in Figs. 2 and 3. Our attribution of the first and
second features in #(r) is summarized in Table II. The
peak positions and areas were determined by fitting a
series of Gaussians to the data, Fig. 3. The first peak at
1.58 A is characteristic of the P-O distance expected for
phosphate glass systems thought to consist of linked PO,
tetrahedra. For example, in the studies of other phos-
phate glasses the P-O distance was determined as 1.55 A
(Ref. 21) and 1.6 A.22 The area of the first peak, when
fitted with the appropriate pair function P; (Fig. 4), is
found to be consistent with a value of approximately 24

for Ny;, the total number of P-O and O-P correlations;
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FIG. 1. Terbium metaphosphate glass, diffraction (solid line),
and self-scattering (broken line).

this is consistent with the R(PO;); unit of a metaphos-
phate glass and a fourfold coordination of oxygens about
each of three phosphorus atoms,

The second distance at 2.34 A is slightly more difficult
to assign being a combination of both Tb-O and O-O
correlations. The O-O distance has been shown to be
2.50 A in previous studies?! of transition-metal-doped
phosphate glasses, but in the present case, due to the
dominant contribution of the terbium-oxygen correlation
and the lack of peak resolution, individual assignments
cannot be made. If the second peak in the diffraction #(r)
where only due to O-O correlations, it would be much
smaller than that observed as can be seen from the
diffraction pair functions, Fig. 4. The area of the second
peak was evaluated, again by the fitting of calculated pair
correlation functions P;;, Fig. 4, for Tb-O and O-O com-
binations, resulting in a value, N;; =18, i.e., a total of 18
Tb-O and O-Tb correlations which is consistent with a
coordination arrangement of about nine oxygen atoms
about each terbium atoms. This approximate calculation
was made ignoring the O-O contribution to the second
peak and it therefore represents an upper bound to the
coordination number. Coordination numbers of this

1000 T T T

-1000

-2000

i(k) (electron units)

-3000

-4000

-50000 L L L '
k A

FIG. 2. i(k) obtained for terbium metaphosphate glass.
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FIG. 3. t(r) (solid line) and fit (broken lines) obtained from
i(k).

magnitude are reasonably common amongst rare-earth
compounds due to the ionic nature of the bonding that
these ions experience.

The resolution of features in the distribution function
suffers somewhat from the need for a window function
w(k) in the Fourier transform. However, the actual posi-
tions, i.e., interatomic distances, of the observed peaks
were stable regardless of window function applied and are
reliable to +0.05 A.

The EXAFS data (Figs. 5 and 6) are dominated by the
Tb-O first shell correlations; the results obtained from a
two shell fit are given in Table III. The first Tb-O dis-
tance of 2.25 A is consistent with the assignment of the
combination of the correlations in the diffraction data,
and the coordination of 7.0%1 supports the calculation of
the strength of the correlation observed for the second
peak in the diffraction data. A second Tb-O correlation
at 3.92 A is visible with a coordination of 4.1%1, this
feature being far weaker than the first shell, although
found to be statistically significant by the criteria of
Joyner, Martin, and Meehan.?

A consideration of the coordination number =7, for
the first shell of oxygen atoms about the terbium atom
suggests that the rare-earth ions occupy a mixture of sites
varying between pseudooctahedral and body-centered-
cubic nature corresponding to coordination numbers of 6
and 8, respectively, since EXAFS only probes mean
values within the system. A coordination of six oxygen
atoms arranged octahedrally about the rare earth is con-
sistent with the atomic arrangement found in a rare-earth
oxide of the form R,03, and given the uncertainty associ-
ated with our determination of the coordination number

TABLE II. X-ray-diffraction results obtained on the
(Tby03)o.26 (P205)0.74 glass.
Atomic
correlation(s)
Sample Peak position (A) assigned
(T5,03)0.26(P205)0.74 1.58+0.05 P-O
2.341+0.05 Tb-O and O-O
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FIG. 4. Pair functions (P;; /r;;) calculated for various atomic
correlations.

N(£1 atom) we have no reason to suspect another ar-
rangement in these samples.

The variance of the bond distribution o? is relatively
large, suggesting a distribution in the Tb-O first shell dis-
tance, a situation not unexpected in glasses. The EXAFS
spectrum shows no evidence for any Tb-Tb correlations
within the short-range order, an important result when
considering both the possible optical and magnetic prop-
erties of the glass. This suggests that the terbium ions are
relatively well spaced throughout the bulk phosphate net-
work.

These EXAFS results were obtained using only a single
scattering theory, since for first shell correlations, multi-
ple scattering can be ignored. The errors quoted in Table
III are purely statistical in nature, evaluated from corre-
lation parameters between the variables used in the data
fitting process. In particular the coordination numbers
and Debye-Waller factors, are difficult to determine accu-
rately in the absence of any calibration system, to deter-
mine the value of 4 (k). A more realistic estimate of the
errors in the coordination number being *+1 atom. The
values for interatomic distance are in general much more
reliable, although the actual error in evaluated distance is

x(k) (arbitrary units)

11
k (&)

FIG. 5. EXAFS spectra (solid line) and theoretical fit (broken
line).
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EXAFS pair distribution function (arbitrary units)

r ()

FIG. 6. Fourier transform of EXAFS spectra (solid line) and
theoretical fit (broken line).

more likely to be of the order of +0.05 A due to “second
order” errors introduced by the lack of calibrant.

The fundamental unit of the terbium metaphosphate
glass has been shown to be the PO, tetrahedron. In the
case of metaphosphates made from univalent ions such as
alkali ions or silver ions it appears that the fundamental
skeletal structure is comprised of long chains of intercon-
nected middle PO, tetrahedra. The atomic environments
determined here are consistent with such a structural
model for the terbium metaphosphate glass. Some light
on the connectivity of the network can be shed by refer-
ence to the fractal dimension determined from the elastic
property measurements (Table I). By considering a two-
dimensional (2D) Sierpinski gasket as the fractal object in
a study of the critical behavior of a random, d-
dimensional, isotropic, elastic medium, Bergman and
Kantor?* have shown that the effective fractal dimen-
sionality d of an inhomogeneous random mixture of fluid
and a solid backbone at threshold is given by 4C,,/B.
The fractal dimension d should vary from d =3 for 3D
networks of tetrahedral coordination polyhedra to d =2
for 2D structures and to d =1 for 1D chains, enabling
Bogue and Sladek?® to associate it with the connectivity
of glass networks. The fractal dimensionality d of close
to unity obtained for a pure AgPO,; metaphosphate
glass? is consistent with a structure comprised of weakly
linked chains of PO, tetrahedra. In contrast the fractal
dimensionality of the rare-earth metaphosphate glasses
R(PO,), is closer to 2.5 (Table I), which implies more
crosslinkage as anticipated for modifier cations whose
valence is greater than unity, or increased branching of
the network of PO, chains possibly facilitated by an in-

TABLE III. Structural parameters determined from the
EXAFS results obtained on the (Tb,03)g 56 (P,O05)0.74 glass.
Coordination Distance gz
Atom type No. atoms (A) (A7)
Oxygen 7.01+0.2 2.25+0.002 0.01410.0004
Oxygen 4.1+0.8 3.921+0.009 0.015+0.003
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crease in the number of end and branching units incor-
porated into the base phosphate network. This agrees
with the coordination numbers found from the structural
studies. The model of a network of polymeric chains of
PO, tetrahedra linked via bridging oxygen atoms has
been used previously to interpret a wide range of thermal,
ultrasonic, and optical properties of the rare-earth meta-
phosphate glasses with reasonable success.!”>%710 The
strong cross linking may also account for the stability of
and nonhygroscopic nature of the rare-earth phosphate
glasses.

The diffraction and EXAFS results also provide infor-
mation about the kind of site occupied by the terbium
atoms. In rare-earth oxides generally, i.e., R,0;, where
R is the rare-earth species, the oxygen atoms are situated
in an octahedral arrangement about the rare-earth ion.
The EXAFS results obtained would suggest that this ar-
rangement be modified to include some higher coordinat-
ed sites, such as a body-centered-cubic arrangement cen-
tered upon the terbium ion. Computer modeling of the
metaphosphate glass structure including incorporation of
these rare-earth sites into the phosphate glass matrix is
now needed.

V. CONCLUSIONS

(1) A combined study using the complementary of x-
ray-diffraction and EXAFS techniques of the terbium
metaphosphate glass of composition (Tb,03) 26(P205)g 74
has established that the network is constructed from PO,

tetrahedra.

(2) The atom-type specific EXAFS probe has provided
direct information on the local structure at the rare-earth
ion site in vitreous (Tb,03)y 56(P,05)o.74: notably a strong
correlation at 2.25 A, associated with an average coordi-
nation number of 7+1.

(3) There is no evidence for clustering of the terbium
ions within the glass, at least on the length scales probed
by EXAFS.

(4) The fractal dimensionality of the metaphosphate
glasses M(PO;); is about 2.5, indicating that an increased
degree of branching of the metaphosphate chains is
present, this glass having a more three-dimensional na-
ture to its structure than vitreous silver metaphosphate.
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