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A variable-temperature (79, 145, and 293 K) extended x-ray absorption fine structure
study, using rare-earth Ly absorption edges, is reported for phosphate glasses doped
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§ ~ with rare-earth elements (R, where R = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho,

Ly and Ef) with compositions close to metaphosphate, R(PO5). The results yield

;‘f ...... ... nearest-neighbor R-O distances that demonstrate the lanthanide contraction in a glassy
i mattix and an R-O coordination intermediate between 6 and 7 for rare-earth ions with
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smaller atomic number (Z) and 6 for rare-earth ions with larger Z. Thermal parameters
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show no significant changes in R-O distances or coordination numbers between 293

and 79 K. There is evidence of an R-P correlation between 3.3 and 3.6 A and the
béginning of a second R-O correlation at approximately 4 A. No R-R correlations up
to a distance of approximately 4 A were observed.

I. INTRODUCTION

Rare-earth-doped phosphate glasses with composi-
‘tions close to metaphosphate R(PO5); contain very large

" concentrations of rare-earth ions and as a consequence

exhibit novel and useful magnetic and magneto-optical
properties. The structural disorder, characteristic of
amorphous materials, results in the universal feature of a

_ wide distribution of low-energy excitations that dominate

their thermal and optical properties. Recently, this char-

" acteristic feature of the glassy state has been extended to

magnetic states.> Measurements of the low-temperature
specific heat and low-frequency Raman scattering have
demonstrated the existence of large magnetic contribu-
tions to rare-earth metaphosphate glasses. In the case of
the Pr glass, multiple splitting of electronic transitions
between 4f levels due to topological disorder produces a
wideé “spectrurn of low-lying magnetic excitations. The
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magnetic contributions to the low-temperature specific

. heat and low-frequency Raman scattering of the Gd and

Sm glasses are quite different in kind from those found
for the Pr glass. Understanding the plethora of diverse
and unusual properties shown by these magnetic glasses
requires knowledge of their structures on the atomic
scale, especially of the local environment of the rare-
earth ion. Extended x-ray absorption fine structure
(EXAFS) is an ideal method for obtaining short-range
structural information. :

The rare-earth metaphosphate glasses have anomalous
thermal, acoustic, and optical properties at low tempera-

tures. Samarium and europium metaphosphate glass

show pronounced long-wavelength acoustic mode soft-
ening with decreasing temperature or increasing pres-
sure.>* Analysis of the fluorescence. spectrum of
europium metaphosphate glass at low temperatures sug-

gests the rare-earth ion may be sited in two possible

low-symmetry environments.> It needs to be established
whether the anomalous properties might, in part at least,
be attributable to change in the microscopic structure of
the glasses with temperature. Rare-earth phosphate
glasses exhibit negative thermal expansion at low tem-
peratures.” Although this effect is more pronounced in
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samarium-modified glass, which shows acoustic mode
softening, it is also present in that containing lanthanum,
which shows normal acoustic mode behavior, namely
elastic stiffness increasing with temperature and pres-
sure. A negative contribution to the thermal expansion of
metaphosphate glasses has been attributed to the anhar-
monicity of the excess low-energy vibrational states syn-
onymous with the soft potential model,”® and, hence, is
expected to be univeral to all glasses. The thermal ex-
pansion provides a macroscopic approach to exploration
of the behavior of the glasses with temperature; it would
be instructive to compare its results with the microscopic
structural information recorded using EXAFS.

Previous x-ray diffraction studies'® have shown that
the structure of rare-earth metaphosphate glasses is based
on a 3-D network of corner linked PO, tetrahedra, with
the trivalent rare earth ions, R*>*, occupying sites within
the PO, skeleton. Complementary EXAFS studies™
showed that each rare-earth ion is surrounded by a

nearest-neighbor shell of oxygen atoms at an average’

R-O distance of 2.25-2.40 A and that the coordination is
in the range 6- 10. The lanthanide contraction (a reduc-
tion in the rare-earth-ion size with increasing atomic
number) was apparent in the changing R-O distance.
Further shells were determined, containing phosphorus
and oxygen atoms, between 3.3 and 0.36 A,' and at ~4 A,
respectively. These observations are consistent with the
rare-earth-ion environment in glasses being similar to
that in rare-earth metaphosphate crystals.'>'> In these
crystals, each rare-earth ion is coordinated to non-
bridging oxygen atoms from the phosphate network, and
the coordination number varies from 6 to 8 depending on
the size of the rare-earth ion.

The previous structural studies of rare-earth metaphos-
phate glasses have been at ambient temperature. The
need for information on which to base interpretations of
the temperature-dependent properties of glasses has pro-
vided the stimulus for the present EXAFS investigation
at lower temperatures. To obtain the local structure
around the rare-earth ion, an EXAFS study using the
rare-earth L;;; absorption edges was undertaken. Meas-
urements were made at room temperature (293 K),
'145 K, and 79 K. Recently, we have presented results of
the initial part of this work, for four rare-earth i jons:'* In
this paper, we extend the investigation o include a total
sequence of 11 different lanthanide ions: La, Ce, Pr, Nd,
Sm, Eu, Gd, Tb, Dy, Ho, and Er.

Il. METHOD
A. Experimental

Samples studied contained the rare-earth atoms La,
Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, and Er. Rare-earth

* phosphate glasses at or near the metaphosphate compo-

sition, i.e. (R,05)(P,05),_,, where x = 0.25%, were pro-
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duced from high-purity (99.9%) grades of 25 mol%
rare-earth oxide (R,05) and excess phosphorus pentoxide
(P,0s), following a method outlined by Mierzejewski
et al.'® The preweighed oxides were mixed in an alumina
crucible, which was processed through a series of three
electric muffle furnaces in which the temperature was
progressively increased, reaching a maximum of ap-
proximately 1600 °C (the melting temperature depends
on the rare-earth oxide). The resulting melt was poured
into a split steel mould, preheated to 500 °C, and then
annealed at this temperature for 24 h before being cooled
slowly at a rate of 0.5 °C/min. The compositions of the
glasses, given in Table I, were determined using an elec-
tron probe microanalyzer fitted with wavelength disper-
sive spectrometer, using LaPs0,,, Ce coil, PrPs0O,y,
NdAl,, SmS, EuS, GdAl,, Tb;Fes0,,, Dy;F, HosF, and
Er,F as standards.

The EXAFS experiments were performed on stations
7.1 and 8.1 of the Synchrotron Radiation Source (SRS),
at the Daresbury Laboratory, Warrifigton, U.K: Station
7.1 uses a double-crystal Si(111) monochromator and
station 8.1 uses either a Si(111) or a Si(220) double-
crystal monochromator. These monochromators have an
energy resolution of 1-3 eV. Harmonic rejection was set
at 50% for these experiments. EXAFS spectra were re-
corded using standard transmission mode with standard
ion chamber detectors. To calibrate the energy, 5-pm-
thick Cr, Fe, Co, and Ni foils were used, each of which
have a K edge at an energy similar to that of the LHI edge
of the rare-earth element being studied. :

For EXAFS measurements the glass samples were
powdered and then dusted onto layers of adhesive tape.
Typically three layers were used to achieve uniformity
across the beam and an absorption edge step correspond-
ing to a change in absorbance, p.t, of between 0.5 and 1.5.
Data at room temperature, 293 K, were collected with the
samples mounted directly in the x-ray beam path. A cryo-
stat was used for the experiments at 145 and 79 K. A
spectrum collected for crystalline Nd ultraphosphate
NdP;0,,'? at 105 K was used to calibrate the data analy-

TABLE 1. Compositions of glasses studied.

Final rare-earth oxide content

Rare earth Atomic no. (mol%) (+0.005)
La 57 (1.2303)0,1999(Gd203)0.0001 (P205)0.8000
Ce 58 (Ce303)0.235(P205)0.765
Pr 59 (Pr03)0.254(P205)0.746

~ Nd 60 (Nd303)0.187(P205)0.813
Sm 62 (8m;03),195(P205)0.50s
Eu 63 (Euy03)0.218(P205)0.782
Gd 64 (Gd,03)0.220(P205)0.771
Tb 65 (Tb;03)0.263(P205)0.737
Dy 66 (DY203)0.225(P205)0.775
Ho 67 (H0,03)0.231(P205)0.769
Er 68 (Ery03)0.239(P205)0.761
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the effective neighboring atom distribution is slightly  lously small values of the nearest-neighbor R-O distance
asymmetric because of the term exp(-2R/N(k)). This  were obtained. The Fourier filtering method was used to
means that the fitted distances R; are shorter than the  obtain this distance from the La data. In addition, a few
actual mean distances by an amount (26%/R)(1 + RJ/\), spectra showed anomalous features due to known and
but this term is usually small and hence neglected.”® reproducible imperfections in the monochromator crys-

A further approximation in Eq. (1) is the assumption of  tal,?® and these were removed by deleting the data points
single: scattering of -the photoelectron. This approxima-  concerned.
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