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EXAFS studies of rare-earth metaphosphate glasses
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An extended x-ray-absorption fine structyEEXAFS) study has been carried out on a range of rare-earth
metaphosphat®(PO3); glasses of growing interest in optical communications and laser technologies. Phos-
phate glasses modified using the rare-earth oxidg® Rt Nd,O3, Eu,05, Gd,O5, Th,05, and Hg,O4,
have been investigated using their respective rare-egjtlabsorption edges. The data provide information on
the local environment of the rare-earth ion within the phosphate glass matrix constructed from linked PO
tetrahedra. The rare-earth ions occupy sites with an average coordination number in the saNge3,6the
surrounding atoms being oxygen. The first shell interatomic distance over the range of rare-earth ions estab-
lishes the rare-earth contraction of ionic radii with increasing atomic number in a series of glasses. There is
also evidence for a rare-earth-phosphorus correlation between 2.7 and 3.6 A, and a further rare-earth-oxygen
correlation at approximately 4 A. The EXAFS spectrum shows no evidence for R-R correlations within the
short-range order, a result especially pertinent to the optical and magnetic properties of the glasses. The fractal
dimensionality 4G/B of these glasses, obtained from the elastic stiffnesses determined from ultrasonic wave
velocities, ranges between 2.3 and 2.8, indicating that their connectivity tends towards having a three-
dimensional character.

I. INTRODUCTION range of metaphosphate glasses modified with the rare-earth
oxides PgO44, Nd»,O3, Eu,05, Gd,O3, and Ho,O5. The

The rare-earth metaphosphate glasseR,0G) .5 glasses have been characterized by measurements of their
(P,0s) 075 (Where R represents one of the rare-earth ele-compositions, densities, elastic stiffnesses, and bulk moduli.
ments Ce, Pr, Nd, Sm, Eu, Gd, Th, Dy, Ho, and Er or La ofEXAFS, being an atom-type specific probe, is an ideal
Y) display a plethora of unusual physical properties of bothmethod for obtaining direct information on the short-range
fundamental interest and potential application in laser angtructural environment of the rare-earth atoms. As a tech-
optoelectronics technology. The rare-earth ions are incorpdlique it has advantages over x-ray diffraction in that it pro-
rated into the glass matrix in large modifier concentrationsvides pair distribution functions containing only atomic cor-
rather than at the low dopant levels usually employed irrelations involving the atom whose absorption spectra is
optoelectronic device@nd in this sense the current systemsbeing probed; x-ray diffraction leads to a composite radial
bear comparison with rare-earth-doped fluorite gladsesdistribution function in which all atom pairs in the material
These ions provide the electronic energy level structure reare represented, weighted by the square of their respective
quired for optical devices such as glass host lasers and opg@tomic numbers.
cal amplifiers. Rare-earth metaphosphate glasses are unusu-To assess the fractal dimensionality, which provides addi-
ally stable to water, making them particularly suitable fortional valuable structural information about the connectivity
device applications. In the cases of glasses containingf the glass network, the elastic stiffnesses have been deter-
europiunt or gadoliniun? the metaphosphat@(POs), is a  mined, using the ultrasonic pulse echo overlap technique, for
particularly stable composition; this has now been shown téhe same glasses whose structures have been investigated by
be true in other systems comprising phosphate glasses modiXAFS.
fied by very high concentrations of rare-earth ions. The de-
yelopment of a fgndgmental undgrstanding of their interest- Il EXPERIMENTAL PROCEDURE
ing optical and vibrational properties has been hampered by
a lack of knowledge of their structures on the atomic scale. Rare-earth metaphosphate glasses were prepared by meth-
Indirect structural information has been gleaned from the Raeds described in Ref. 5. High-purity dry rare-earth oxide and
man spectra which have identified that the vibrational mode®,05 were mixed in preweighed proportions in alumina cru-
are consistent with the network skeleton being comprisedibles. This mixture was then heated in an electric furnace to
of linked PO, tetrahedr&*~® A recent direct structural approximately 1500 °C which produced a melt of the oxide
study employing the complementary probes extendedcomponents, this melt was then poured into preheated
x-ray-absorption fine structurEXAFS) and x-ray diffrac- (500 °Q steel moulds and allowed to cool. The chemical
tion has verified that the terbium metaphosphatecompositions and the densities of the resulting glasses are
(Tb,03)0.2¢P205)0.74 glass does have a network built up given in Table I. The results of electron probe quantitative
from PO, tetrahedral units. To obtain information about the analysis showed that like other rare-earth phosphate
local environment of the rare-earth ion within the phosphateglasses;® regardless of the starting constituent ratios the
glass matrix, an EXAFS study, using their respective rareecompositions of glasses turned out to be similar, or slightly
earthL,, absorption edges, has now been carried out on fower and close to that expecteRA03) g »5P>05) ¢ 75 Wwhich
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TABLE |. The elastic and nonlinear acoustic vibrational properties of rare-earth phosphate glasses.

Glass
composition Density  Elastic moduli Fractal Hydrostatic pressure derivatives
(mole fraction (kg/m3) (GP3a dimension of elastic stiffness
Cu Cu B (@) (ﬁn) &1) (ﬁ
B IP oo VP oy VP
Pr: 0.216 3094 679 234 36.7 2.55 0.84 —0.37 1.33
0.254 3315 726 24.2 40.3 2.40 293 -0.03 2.97
0.256 3338 74.3 243 41.9 2.32 2.52 0.64 1.67
Nd: 0.194 3121 69.1 23.6 37.6 251 387 —-1.39 5.72
0.196 3233 705 248 374 2.65 260 —1.30 4.33
0.235 3358 722 26.1 374 2.79 1.81 0.14 1.63
0.254 3497 73.6 249 404 2.46 230 —0.05 2.36
Eu(Ref. 2: 0.186 3182 71.1 23.9 39.2 2.44 -2.94 —-1.06 -1.53
0.200 3204 69.9 235 38.6 2.44 -2.97 -1.39 -1.12
0.208 3215 69.2 23.2 38.3 2.42 -3.21 —-1.51 —-1.20
0.218 3260 69.0 23.1 38.2 2.42 -3.35 —1.56 -1.27
0.252 3438 704 23.2 395 2.35 -2.05 —0.99 -0.73
Gd(Ref. 3: 0.222 3339 684 232 375 2.48 0.73 —-0.37 1.22
0.226 3362 68.0 23.1 37.2 2.48 —-0.18 —0.54 0.53
0.229 3371 66.6 23.0 36.0 2.56 —-0.61 —0.57 0.15
0.245 3415 683 235 37.0 2.54 -0.47 —0.60 0.33
0.250 3535 71.6 25.0 38.2 2.62 021 -0.62 0.85
Th: 0.226 3435 739 242 416 2.33 —-1.57 —-0.74 —-0.58
0.247 3501 74.8 254 40.9 2.48 —1.58 —0.68 —-0.67
0.263 3578 76.2 25.7 420 2.45 —-0.54 —0.82 0.56
0.271 3666 78.3 25.3 445 2.27 +0.60 -0.49 1.25
Ho: 0.208 3327 73.1 24.7 40.1 2.46 —-0.82 —0.50 -0.15
0.220 3347 722 24.1 40.1 2.40 —0.55 —-0.24 —-0.24
0.231 3516 76.1 24.1 439 2.20 -0.36 -0.16 -0.14
corresponds to the metaphosphate composition. The EXAFS spectra were taken in standard transmission

For the purposes of the EXAFS experiments, small piecemode, the data giving an analyzatdeange from 2 A1 to
of these glass samples were powdered, first by crushing béetween 9 and 12 A! depending on the edge being studied
tween two steel plates, then in a mortar and pestle. Phosphateote that this corresponds to<k<18/24 A~ in the more
glasses are generally highly susceptible to water contaminatsual diffraction formalisth The energy range is limited due
tion, but in the case of rare-earth metaphosphate glasses thigy the presence of the rare-earthy labsorption edge. The
appear to be exceptionally water resistant. Nevertheless, assaorterk range reduces the real-space resolution for the de-
precaution, the samples were kept in as dry an environmengérmination of interatomic distance information, a problem
as possible, sealed in containers containing silica gel. For theat is, unfortunately, intrinsic to the systems being studied.
actual experiment, the powdered glass sample was dusted
between sticky tape which was then placed into the x-ray
beam, several layers often being required to ensure unifor-
mity across the beam area, and to obtain an acceptable ab-
sorption edge step. The EXAFS experiments were performed
using line 7.1 at the SRS, Daresbury Laboratory, UK, which  The elastic stiffness and bulk moduli of the glas§Esble
offers access to the entire energy range required for a study, determined from ultrasonic wave velocity measurements
of the rare-earth |, absorption edge&6—12 keVj via a sili-  at room temperature and atmospheric pressure, have similar
con (111) double crystal order sorting monochromator. Thevalues to those obtained for other rare-earth metaphosphate
edges probed as part of this study are shown in Table Il. glasses studied previouty:>®° Correspondence between

the bulk and stiffness tensor components would be expected,

Ill. ELASTIC STIFFNESS AND FRACTAL
DIMENSIONALITY OF THE RARE-EARTH
METAPHOSPHATE GLASSES

TABLE II. Rare-earth L, absorption edges. if the glasses were to have similar structures. The elastic
stiffnesses depend upon the bonding in the glass and can be
Pr 5969 eV Nd 6216 eV used to provide useful information about the connectivity of
Eu 6985 eV Gd 7252 eV the network by reference to the fractal dimensionality. Berg-
Tb 7521 eV Ho 8076 eV man and Kantot® considering a two-dimensional Sierpinski

gasket as the fractal object in a study of the critical behavior
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of a randomd-dimensional, isotropic, elastic medium, have
shown that the effective fractal dimensionalityof an inho-
mogeneous random mixture of fluid and a solid backbone at -
threshold is given by @,,/B. Bogue and Sladékhave used
the fractal dimensionalityl, which should vary from 3 for
3-d networks of tetrahedral coordination polyhedra to 2 for
2-d structures and to 1 for d-chains, to assess the network
connectivity of glasses. A fractal dimensionalétyof close to
unity obtained for a pure AgP9metaphosphate glassis
consistent with a skeletal structure comprised of weakly
linked chains of interconnected middle R®@etrahedra. By
contrast, the fractal dimensionality of the rare-earth meta- Ak
phosphate glassé¥PO3); is between 2.2 and 2@able ),
which implies a marked degree of cross linkage, as would be ! L L L L L L L
anticipated for modifier cations whose valence is greater than
unity, or increased branching of the network of PEhains k&

facilitated by an increase in the number of end and branching

units incorporated into the basic phosphate network. This FIG. 1. Residual function after a first shell model fit is sub-

agrees with the coordination numbers found from thelracted from the raw experimental metaphosphate glass data; before
EXAFS study(Sec. IV). (solid line) and after(dashed ling Fourier filtering to remove the

anomalous feature at6 A~* (marked by the arroywvhich is most
likely an artifact of a double-electron excitation event.

Residual (k) (arbitrary units)

IV. EXAFS STRUCTURAL DETERMINATIONS ) . .
nent in the Debye-Waller term to account for static and vi-

A. Theory and analysis procedures brational disorder in the structural system under examination

The EXAFS data analysis was performed using the stan- The plane-wave equation is a useful heuristic model for
dard Daresbury Laboratory EXAFS analysis suite of pro-EXAFS, butis not used in thexcurveo (Ref. 12 code; this
grams, name')EXCALIB, EXBACK, and EXCURV90,12 which uses the far more reliable fast curved wave th&'ﬂlor the
respectively perform the tasks Gff summation of multiple ~small atom approximatiot?.
data sets and calibration of their edges and absorptighs, ~ When performing the background subtraction step of the
background subtration and normalization of the EXAFS sig-hitial data preparation stages of the analysis, it was noticed
nal, (iii ) fitting of the EXAFS spectrum by means of the fast that there appears to be a step function evident in the rare-
curved wave theor}?4 earth spectra betweda=5 and 7 A™! (Fig. 1), this is pos-

Examination of the phenomenological plane-wave equasibly evidence for the presence of a double-electron

tion, which can be used to describe the EXAFS spectra, i§xcitatiort” of the 4ds, electrons present in the rare earths.
useful to show the relationships between the various theoretSuch an excitation would be manifest at this position since it
cal parameters: corresponds to electron binding energies in the range 109—
196 eV (5.3-7.1 A1), for cerium to lutetium, and would
N result in a discontinuity in the background x-ray-absorption
y(K)=AKk) D, 7‘|f(km)i|sin(2kRi+25+ @) function. If this discontinuity is not accounted for in the
T kR background substraction and normalization stage of data
IR analysis, it results in a peak in the Fourier transform of the
X exr{ Hexd —202k?]. EXAFS spectra, occurring at an unphysically low inter-
A atomic distance; this effect is shown if Fig. 2, which is the
atomic pair distribution function obtained from the EXAFS
In EXAFS, k is the wave vector of the freed photoelectron. signal after removal of a first atomic shell model. The sim-
Note the direct correlation in the two variablégk) and  plest method for removing this effect is to Fourier filter the
N;. A(k) typically varies between 0.6 and 0.8, dependentexperimental spectra, removing contributions at small dis-
upon the atomic number of the excited atom type. It is one otances, otherwise the correction can be made at the initial
the main parameters which needs calibration if dependablgackground subtraction stage by fitting a function with a
atomic coordination numbers are to be extracted from theliscontinuity occurring at the double-electron excitation en-
data. In this work a crystalline neodymium ultraphosphateergy. Poor background subtraction can, in general terms, lead
(NdPs0O,,) sample was used as the calibrant system, since o difficulties when fitting model parameters to the experi-
is a well-characterized materisl.The other parameters in mental function; effects include poor determination of
this expression arg;, the distance between the excited atomatomic species type from backscattering phase parameters
and the neighboring electron backscattering atom  due to signals being corrupted by low-frequency components
f(k,7); a measure of the strength of backscattering of thehat have not been removed. In the case of these glasses, the
atom typei, §; is the phase shift induced in the electron wavepresence of the contaminant feature in the background func-
as it propagates through the excited atom potential, whilstion is adequately removed by a simple Fourier filtering pro-
¢ is the phase shift induced by the backscattering atom poeess since this anomalous feature in the background signal
tential; N is a mean free path term to account for the finiteresulted in a relatively well-defined pair distribution function
lifetime of the propagating electron wave amds the expo- (PDPF contaminant peak at loR. The effect of removal of
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ably similar chemical environment to that thought to prevail

in the metaphosphate glass samplésese parameters were
then used as fixed information during the analysis of the
series of rare-earth metaphosphate glasses. It has been found
in other studies, e.g., Ref. 18, that the calibration of these
parameters for rare-earth systems is reasonably transferable.
In the worst case for the more distant rare-earth species from
our chosen calibrant the errors which can arise in the coor-
dination numbers due to miscalibration of the amplitude re-
duction factor would be of the order af 10%

Residual p.d.f (arbitrary units)

. , . . . . L . . C. Structural information obtained from EXAFS

The results obtained for the EXAFS spectra taken at the
respective rare-earth }. absorption edges, for the range of

FIG. 2. Fourier transform of the residual functions shown in Fig.rfare_e.arth metaphosphate glasses investigated, are summa-
1, demonstrating the unphysical lawfeature in the uncorrected rized in Table 1. All spectra.wer.e filtered to 'remove a low-
Fourier transform(solid line) and its absence from the corrected frequer_lcy component peaking in the Fourier transform at
residual’s transform. approximately 1 A.

Figures 3—6 show the theoretical and experimental fits
this peak can be seen in Fig. 1, the resulting corrected ré'l”d Foqrier transforms obtained for_ each s_ample. The errors
sidual component after fitting the first atomic shell oscillatesduoted in Table IIl are purfgly statistical, being calculated by
more evenly about the axis and allows the extraction of théhe methods of Joynest al.™> The real error associated with
correlations contained in the remaining signal, this process i€ interatomic distances is estimated to be of the order of
not exact and consequently the errors in the higher shell cor=0.05 A and that of the coordination number to be at best
relations are greater. *+0.2 atoms if the calibrated value of the amplitude reduction
factor is dependable.

The most striking trend evident in the data is the system-
atic contraction of the first shell rare-earth-oxygen distance
To calibrate the constants necessary for determination dfom 2.38 A for praseodymium metaphosphate glass to
the structural information contained in the EXAFS spectra2.20 A in the holmium metaphosphate glass. This is consis-
from the glass samples, data were collected from the crystatent with the lanthanide contraction: the contraction in their
line neodymium ultraphosphate sam@édP;04,) at atem- ionic size as the period is traversed from lighter to heaver
perature of 105 K, the atomic structure of this material beingelements. No evidence f&t-R correlations within the short-
known®® As for other rare-earth-oxide materials, the localrange order can be seen in the EXAFS spectrum, a finding
structure of this compound is rather complex, consisting ofwhich is likely to have important ramifications in the context
eight oxygen atoms surrounding each neodymium atom aif attempts to explain the optical and magnetic properties of
seven slightly different distances: 2.38, 2.40, 2.40, 2.41these glasses containing very high concentrations of rare-
2.46, 2.47, 2.49, 2.50 A. earth ions. Models were tried which involved rare-earth-rare-
Unfortunately EXAFS as an experimental technique doegarth correlations in the 3—4 A range, but all failed to con-
not have the resolution to individually isolate each of theseverge upon satisfactory solutions and beyond these distances
distances, a particularly severe problem at the rare-earttihe sensitivity of the EXAFS technique is not optimum.
L, edges, due to the short accessiklaange. Hence it The first shell coordination numbers generally fall be-
proved necessary to use a more simplistic model of the locaiveen 6 and 8 for oxygens about a rare-earth ion. This coor-
structure about the neodymium, this being a two-shell modetlination hints at a pseudo-octahedral or cubic arrangement of
of four oxygen atoms at 2.398 A and a further four oxygenthe oxygens or an admixture of these two configurations,
atoms at 2.48A, these values being the mean values of thare-earth oxides characteristically having an octahedral ar-
four short interatomic distances and four longer interatomiagangement for oxygens about rare-earth ions.
distances, respectively. The Debye-Waller factors associated There is evidence in some samples for the second shell
with these shells were set to have typical crystalline valueseing a rare-earth-phosphorus correlation, but the errors are
for o of 0.005 A2, Once this model had been set up, thelarge, along with the distribution in coordination numbers
nonstructural parameters in the EXAFS analysis were aland distances allocated. However the second rare-earth-
lowed to float in an iterative procedurA(k) notably refin-  oxygen correlation proved to be more consistent between
ing to a value of 0.7, in close agreement with the value ofsamples with an associated distance of between 3.8 and 4.1
0.73 determined by Maledt al8in their study of rare-earth A, although the variation in coordination number is still
oxides. In addition we note that the transferability of, andlarge, i.e., between 1 and 5 oxygens. This wide variation in
similarity between rare-earth phase shifts and analysis paesults for parameters associated with more distant atomic
rameters has also been investigated by Catitowl! shells is partly due to the amorphous nature of the material,
Once the nonstructural parameters had been determinée., the lack of any firm short-range order beyond the first
for the calibrant compound Nd®,, (which has a reason- interatomic correlation, and possibly through the increased

r(A)

B. Calibration of EXAFS data
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TABLE lll. Structural parameters determined from the EXAFS spectra obtained for the rare-earth meta-

phosphate glasses.

Coordination

Atomic shell number Distance o
Glass Composition  correlation (atoms A A)
Praseodymium (PrgO110.216 Pr-O 7.1:0.2 2.38:£0.002 0.0130.0005
(P205)0.794 Pr-P 1.4-0.2 2.92-0.004 0.009-0.002
Pr-O 4.0:0.4 4.08-0.004 0.006:0.001
Neodymium (Nd»,03)0.235 Nd-O 10.4-2.7 2.35-0.010 0.019-0.003
(P2,05)0.765 Nd-P 6.8-16.6 2.92-0.102 0.0530.061
Nd-O 2.0-0.7 3.82-0.005 0.005:0.004
Europium (Euy,03)0.052 Eu-O 7.650.2 2.28+0.002 0.0130.001
(P505)0.748 Eu-P 1.6-0.8 3.64+0.017 0.005:-0.006
Eu-O 1.0t0.6 4.00+0.015 0.0010.005
Gadolinium (Gd,03) .05 Gd-O 5.7+0.3 2.27-0.002 0.00%0.001
(P205)0.75 Gd-P 1.3-0.3 2.710.005 0.008& 0.002
Gd-O 1.4:0.2 3.23:0.006 0.006:0.002
Gd-O 2.1+0.3 3.94-0.005 0.002-0.001
Terbium (Th,03)0.26 Th-O 8.0:0.2 2.25-0.002 0.014:0.0004
(P,05)0.74 Th-O 5.4-0.9 3.92+0.008 0.016:0.003
Holmium (Ho,03)0.231 Ho-O 7.0-0.1 2.20+0.001 0.0110.0002
(P205)0.769 Ho-O 5.5-0.6 3.89+0.004 0.0130.002

uncertainty in the experimental signal components most

V. DISCUSSION

likely from imperfect background function removal of the F hosphate d . | chai . d
double-electron excitation features. or phosphate ‘glasses in general, chains, rings, an

The values ofo presented in Table Il correspond to a branched polymeric units o_f interconnected Pt@trahedra
combined measure of the static and thermal disorder presefi@" Pe prooduced by sharing oxygen atoms between the
in the system, i.e., a distribution in the evaluated interatomiéetrahed_ré- The recent study of a terbium metaphosphate
distancesmanifest in the Fourier transform of the EXAFS glass using the combination of x-ray diffraction and EXAFS
signal by the width of the peak, convoluted with a generaﬂechniques, establishes that rare-earth metaphosphate glass is
experimental resolution functionit is likely that here, as for ~ built up from PQ, tetrahedral units, most likely with pairs of
other glasses, the static disorder term will dominate, but &£0, tetrahedra sharing only one corner. A usual feature of
temperature study would be necessary if further informatiorphosphates is that, if resonance is first neglected, then one of
is to be obtained on the weightings of the particular contri-the four oxygen atoms in a tetrahedron is doubly bonded to

butions. the phosphorus and does not contribute to the interatomic
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bonding. In a phosphate tetrahedron thve orbital overlap lence units and one terminating oxygen with 2.0 valence
responsible for ther bond is concentrated primarily between units?'~2% Hence the ROs glass structure is based @°

the P atom and its nonbridging oxygéP-O™). If the num-  tetrahedra. In general the phosphate glass skeleton can be
ber of nonbridging oxygen atoms is reduced, then the averonstructed from three types of building uni@®:the branch-
ager character of the P-O bonds increases; an effect of sucimg tetrahedron in which three oxygen atoms are shared with
an increase would be to decrease the average P-O bomgighboring PQ units, (ii) the middle tetrahedron in which
length?! The recent x-ray-diffraction study of terbium meta- two oxygen atoms are shared with neighboring ,,@nd
phosphatdTh,03)4 24 P>05) 74 glass showed that the first there is one negative charge which is neutralized by a cation,
peak occurs at 1.580.05 A, characteristic of the P-O dis- (iii) the end unit which has one oxygen shared with another
tance expected for linked POQ? tetrahedra(in the Q" PQO,, and there are two negative charges. Metaphosphates of
notation?” n being the number of nonbridging oxygens pera trivalent ion modifieR®* have the formuleR(POs)5. In
tetrahedrop However that x-ray-diffraction experiment was principle any structure made of middle groups completely
unable to determine the P-O bond length to an accuracy sufvill fit the metaphosphate formula: a metaphosphate struc-
ficient to provide a measure of the exponemtin Q". ture comprised of chains or rings, with the O/P ratio of 3.0,
EXAFS cannot resolve this interesting question. The way inwould be made up 0©? tetrahedra. Well-known examples
which the PQ tetrahedra link to make up the glass skeletoninclude the amorphous alkali metal and silver metaphos-
is another matter. In JOs each P* is bonded to three phates whose fundamental skeletal structures are comprised
bridging (POP oxygen atoms with bond values of 1.0 va- of long chains of interconnected middle P@etrahedrg?
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the fractal dimensionality of unity found for amorphous of inhomogeneous broadening of the absorption and emis-

AgPO; (Ref. 1)) is consistent with this. By contrast the frac- sion lines. Recently fluorescence spectra measurements

tal dimensionality of the rare-earth metaphosphate glassewiginating from SM™ transitions in (Sm,03).4s

R(PO;); lies between 2.2 and 2(@able )): the structure of (P,0s) .75, glass have been shotnto be consistent with

these glasses is close to having a three-dimensional charatwe rare-earth ion occupying the centre of a distorted cube

ter. There must be a strong degree of cross linkage, as mighbmprised of four phosphate tetrahedrons. The coordination

be expected for modifier cations whose valence is greatatumber of the rare-earth ion in such an arrangement is eight

than unity. It seems that there is considerable branching inxygens. This model is consistent with the EXAFS structural

the PQ, skeleton with consequent increase in the number ostudies of the metaphosphate glasSezble Ill).

end and branching units. The coordination numbk@eble

Il found for the rare-earth ions are consistent with this

mpdel: rare-earth ions woyld preferentially occupy inter- VI. CONCLUSIONS

stices formed at branches in the network enabling them to

bond ionically with this number of surrounding oxygens on (1) The phosphate glass systems modified using the rare-

PO, tetrahedra. These observations concerning the structuesarth oxides PjO.;, Nd,O3, Eu,05, Gd,O;, Th,03,

add weight to earlier assumptions of a model of a skeletomnd Ho,O5 show particularly stable metaphosphate compo-

comprised of PQ tetrahedra linked via bridging oxygen at- sitions.

oms to interpret a wide range of vibrational and optical prop- (2) The skeleton of these metaphosphate glasses is made

erties of the rare-earth metaphosphate gla¥s&5’>24The  up from linked PQ tetrahedra.

high connectivity indicted by the fractal dimensionality of  (3) The first shell coordination numbers fall between 6

about 2.5 for each of the rare-earth metaphosphate glassard 8 for oxygens about a rare-earth ion suggesting an octa-

(Table | relates directly to the high coordination number ofhedral or cubic arrangement of the oxygéosa mixture of

oxygen atoms surrounding each trivalent rare-earth ion antoth these configurationsconsistent with those found in

may also account for the unusually good resistance to moig-are-earth oxides.

ture of these glasses, pinning by the rare-earth ions of the (4) An interesting feature is the observation of the lan-

network and its nearly three-dimensional character reducinthanide contraction in a series of glasses.

the susceptibility of the linked P£groups to aqueous attack. (5) Ultrasonic measurements of the elastic stiffnesses
One property, among many, which is sensitive to the locahave been used to obtain fractal dimensionali@; #B; this

symmetry about rare-earth ions is laser-induced fluorescenganges between 2.3 and 2.8, indicating that the connectivity

spectra. A rare-earth ion incorporated in glass or crystal maef these glasses tends towards having a three-dimensional

trix is subjected to a crystal field of the surrounding atomscharacter.

and the Stark effect produces a group of levels for each

single level of the free ion, the number of which can be

Qetermlned using group—thepretlpal meth?t?dand used to ACKNOWLEDGMENTS
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