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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

© 1999 Materials Research Society
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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

..4na7




R. Anderson ef al.: An EXAFS study of rare-earth phosphate glasses near the metaphosphate composition

sis parameters used for the glasses. The rare-earth ion in
this crystal has a well-defined environment, which is
broadly similar to that of the glasses. The crystal sample
was prepared in the same manner as the glass samples
and, hence, was polycrystalline and isotropic.

B. Data analysis

Data analysis was carried out using the suite of pro-
grams at the Daresbury Laboratory.!” EXCALIB was
iised to normalize the transmitted x-ray intensity, /,, to
the incident x-ray intensity, I,, and hence to obtain ab-
sorbance pt = In(ly/1,). EXBACK was used to identify
the beginning of the absorption edge, E,, to fit pre-edge
and post-edge backgrounds, puf,.. and ppe, respectively
(using standard routines), and hence to obtain the nor-
malized absorbance x(k) = (pt(k) — Wty () (It posek) —
Wepre(K)). The final stage of data processing was to extract
structural information by using EXCURV92 to model the
experimental x(k).

The structural information in x(k) is clear from the
plane wave approximation'®

;<(k) = Z,-(N,-/kR,-z)lfi(k,ﬂ)l sin(2kR, + 28(k)

+ (k) exp(-20°K%) exp(-2R/NE) , (1)

_ where k is the mo@ﬁius of the wave vector of the photo-

glectron, and R, N, and 20 are the distance, coordina-

tion number, and Debye-Waller term (due to static and
vibrational disorder) for the ith shell of neighboring at-
oms. Note that the wave-vector dependence of the scat-
tering differs from that in diffraction by a factor of 2. The

.. additional parameters in Eq. (1) are the backscattering

amplitude f(k,), with phase shift ¢, (k), the phase shift
due to the absorbing atom potential 28(k), and the mean

' free path for inelastic scattering \(k). In earlier EXAFS

work these parameters were obtained by measurements
on samples of known structure, but now they can be
obtained from calculations using atomic potentials.'® The
EXCURV92 program uses fast curved wave theory®®—**
which alters Eq. (1) by making f;(k,7) dependent on R;. It

is also mecessary to include a factor S,(k)> which de-

scribes the reduction in amplitude due to many-body ef-
fects.l?'zo The k-range of the fits, limited by the presence
of the L; edge, covered approximately 2-12 A™!, which
corresponds to 4-24 A™! in conventional diffraction.

“Equation (1) involves the assumption of 4 Gaussian dis-

tribution for the ith shell of neighboring atoms. However,
the effective neighboring atom distribution is slightly
asymmetric because of the term exp(-2R/\(k)). This
means that the fitted distances R; are shorter than the
actual mean distances by an amount (26%/R)(1 + RJ/\),
but this term is usually small and hence neglected.”

A further approximation in Eq. (1) is the assumption of
single: scattering of -the photoelectron. This approxima-
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tion has been shown to be reasonable for large values of
k. However, multiple scattering can be significant, i.e. up
to 10% of single scattering, for values of k up to 7 A™!
depending on the structure.*?* The effect of multiple
scattering can be included by adding terms to the sum
over i for each significant multiple scattering path, in-
volving the effective distance, coordination number, and
Debye~Waller term [and appropriate values of |f(k,m)l
and ¢(k)]. The significant multiple scattering paths are
generally those involving triangles of nearest-neighbor
atoms or forward scattering, which can be expected to
have effective.distances of approximately 1.5R; and 2R,.
Hence it is reasonable to neglect multiple scattering ef-
fects in the analysis of the nearest-neighbor shell. How-
ever, fits to shells beyond the first must be interpreted
with caution.

The data for crystalline NdP5O,, were used to check
that the backscattering and phase shifts calculated by
EXCURV92 were acceptable. The values for R, N,, and
A; were fixed to correspond to those in the known crystal
structure. A two-shell model was used with four oxygen
atoms at 2.40 A and four oxygen atoms at 2.48 A from
the central neodymium atom, and 20~ equal to 0.010 A?
for each shell (typical for crystalline materials). A good
fit was obtained with only two adjustable parameters, EF
and AFAC. The parameter EF is a correction to the value
of E, (which approximately corresponds to k£ = 0). In all
fitting, EF was allowed to vary, and values obtained were
between —10 and —15 eV. The parameter AFAC is a
k-independent correction to the EXAFS amplitude,

which can include some of the effects of S,(k)* and of

non-uniformity in sample thickness.?® The value of
AFAC was determined to be 0.7 from the fitting of the
data for crystalline NdPsO,,, as described in previous
work,'! and this value was fixed for all fitting of the data
for glass samples. This is reasonable because the crystal
and glass structures are broadly similar at the near-
neighbor level and the preparation of all EXAFS samples
was identical.

An anomalous feature in the spectra for La, Ce, Pr, and
Nd metaphosphate samples occurred between k =

5.5 and 6.5 A™"; this is ascribed to double-electron exci- -

tations, as seen in previous EXAFS studies of rare-
earth-doped silica gels*” and rare-earth metaphosphate
glasses.'"'? This feature produces peaks at low r values
in the Fourier transform of the EXAFS data which may
interfere with the fitting of the first neighboring atom
shell. This happened in the case of La, for which anoma-
lously small values of the nearest-neighbor R—O distance
were obtained. The Fourier filtering method was used to
obtain this distance from the La data. In addition, a few
spectra showed anomalous features due to known and

reproducible imperfections in the monochromator crys-

tal,?® and these were removed by deleting the data points

~concerned.

J. Mater. Res., Vol. 14, No. 12, Dec 1999
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An example of the data analysis is given for the Nd
metaphosphate glass at 79 K. The background corrected
EXAFS spectrum is given in Fig. 1 and also shown is an
anomalous feature that was removed before the fitting
procedure in EXCURV92 (dotted line on the curve in
Fig. 1). The associated Fourier transform of the EXAFS
spectrum is given in Fig. 2. The statistical errors in the fit
parameters are found from the correlation maps of the
pairs. of parameters: N, A; and R, EF. An example of
such a correlation map is shown in Fig. 3 for the param-
eters N, and A,. The bold contour represents the 95%
confidence interval around the least sum of squares

3,

ky(k)

o
e L AR

k(A"

FIG. 1. EXAFS kx(k) for neodymium phosphate glass (Nd,O3)g. 147~
(P503)0.813 at 79 K. The data used in the analysis are shown (solid line)
and also an anomalous feature that was removed from the data (dot-
ted line).

"Fourier transform of k*x(k)

r(A)

FIG. 2. Fourier transform of k3x(k) as a function of distance (A) for

neodymium phosphate glass (Nd;03)q.187(P205)o.813 at 19 K.

(marked by a cross on the plot), and it is from the pro-
jection of this ellipse on the relevant axes that the statis-
tical errors were obtained.

lll. RESULTS

The experimental data and the theoretical best fits for
all of the samples at 145 K are shown in Fig. 4. The
corresponding residual R values where'”

0.029

0.028~

0.027+4

Alor2c® (AY)

0.026- - {

0.025
7.3

FIG. 3. Correlation map for neodymium phosphate glass (Nd;O3)g 157
(P,0s)oas3 at 79 K showing the goodness of fit for the parameters N1
(number of neighboring oxygen atoms in the first shell) and Al (Debye—
Waller factor, 26, for the first shell).

120 [T 7 7 T T T T T T ]
: -
[ Ce:
- 7 T i Pr 7]
\/\/\/"\/'\f‘\' Nd
S AVANR W e Sm
\/’\/\/—‘\/\/\, Eu |
—\/\/\/W\N Gd
F N\ NN B
R AN N e N N
\JW Ho |
A A N e N Er
[ 1 N RPN SR ST RPN PSP B
2 4 6 8 0 12 14

k@A"Y

FIG. 4. La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, and Er metaphos- ..
phate glass EXAFS I3x(k), experimental data (solid lines) and theo-
retical fit (dotted lines).
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1 : .
R = Z, ((—)_—Zl—)) (lexpt(i) — theory(i)l) x 100% . ,

1
(5) =102 607 e

are given for all temperatures in Table II. These values
indicate how well the theoretical fit matches the experi-
mental data; for a perfect match, R = 0, and for EXAFS
measurements, results where R <25 are considered to be
good. The results from the fitting of the EXAFS spectra
are shown in Tables IIT and IV. The first shell around the
rare-earth. ion for all of the glasses was found to contain
oxygen atoms. The variation of the R-O distance, Rgo»
with atomic number of the rare-earth ion Z, is shown in
Fig. 5(a). The decrease in Ry With increasing Z clearly
demonstrates the lanthanide contraction. The values ob-
tained for Ry compare well with those calculated from '
the tables of ionic radii,?® assuming a valence of 3+ and
a coordination number of 6 for all of the rare-earth ele-
ments studied here. The comparison is less good for cal-

TABLE IL. Residual (R) values for each rare-earth phosphate glass
EXAFS spectrum reported herein.

Glass R

modifier T=77K T= 145K T = 293K
La 31.0 31.2 342
Ce 26.9 29.5 26.4
Pr 14.8 14.1 145
Nd 16.1 20.8 16.0
Sm 25.0 19.1 16.6
Eu.. 162 18.1 18.5
Gd 16.4 17.8 20.6

© Tb 185" ‘19.5 12.7
Dy 38.8 23.6 20.0
Ho 20.4 19.2 20.2
Er " 205 20.7 18.1

culated values corresponding to a coordination number
of 7 (long dashed line), with the exception of results for
the La, Ce, and Pr glasses. The comparison is poor for
calculated values corresponding to a coordination num-
ber of 8 (short dashed line).

The first shell coordination numbers of the oxygen
atoms around the rare earth, Nzo, are shown in Fig. 5(b).
Ngo is found to vary between 5 and 8. This is slightly
lower than the range of 6 to 10 found by Bowron etal®>"
The values of Ngo are not entirely consistent with the
values of Ry, and this may be due to the lower precision
of the former compared with the latter.

A second shell fit was obtained, corresponding to an
R-P correlation, with distances of between 3.3 and 3.6 A,
except for the Ce, Tb, Dy, and Er phosphate glasses.
These distances are reported in Table IV. The associated
errors given here were calculated according to the afore-
mentioned statistical model. However, this model does
not take into account effects such as multiple scattering
or the possible presence of other underlying correlations
that complicate such spectra at these distances. There-
fore, we expect the true errors of these distances to be
rather larger than those tabulated. The distances obtained
are consistent with the distance expected from the crys- .
talline analogues of the metaphosphate glasses.'>”'* The
coordination numbers have relatively large errors, as
tends to be the case for EXAFS-determined coordination
numbers of shells further away from the central excited
atom, and so have not been included in Table IV. A third
shell fit was also obtained, corresponding to a second
R-O correlation at a distance of approximately 4 A, ex-
cept for the La and Ce phosphate glasses. These distances
are reported in Table IV. For the same reasons as those
detailed for the R—P distances, the associated errors re-
ported here are likely to be significantly underestimated.
The coordination numbers for this shell were also subject
to large errors and so have not been included in Table IV.
No R-R correlations were found within the limits of the.
data, up to ~4 A.

TABLE III. Summary of-first-shell information obtained from EXAFS spectra for the rare-earth phosphate glasses in the vicinity of the
metaphosphate composition, where R represents the rare-earth ion. The results marked with an asterisk were obtained by using Fourier filtering.

Glass Nro Rro 262 (A% (R-0)

modifier T=7T9K T=145K T=23K T7T=7K T = 145K T =293 K T=79K T=145K T=293K
La 59+04  6.0x06 73+12 241 +£002 *242 £002 *242 +003 00130004 00170005 00300012
Ce 48+05 6218 48405 238 £001 239 £003 235 001 0.006+0003 0.023x0013 00130004
Pr 63+03  63x02 6.7+03 2369 +0.007 2.367+0008 2.367+0.007 0.017+0.002 0.017x0.013 0.022£0.003

_Nd. 81+03  7.7x04 8.6+0.3 234 001 233 %001 234 +£0.01 0.027+0.002 00210003 0.0370.001
Sm 69+09 64x03 69+03 232 £001 233 001 231 =001 0013£0005 0016+0002 0019+ 0.002
Eu 60+03  60x03 6.2+03 230 001 232 =001 231 +0.01 0.012+0.002 0.012£0.002 0.0160.002
Gd 61+03  60x02 65+04  2297+0.001 229 +0.01 2.985+0.005 0.009+0.001 0.011£0.001 0.0140.002
Tb 53£02 5502 s8+02 225 £001 225 +£001  2267x0005 0012+0001 0013+0.002 0.016:0.001
Dy 55+05 58=04 5.5%03 225 +0.01 225 =001 292 +£001 00110002 0011x0003 0014=0.002
Ho 56+03  60x03 58404  2232+£0006 2236+0008 22280002 0.010£0.002 00120001 0.0120.002
Er 57+04  57x03 57+04 .2224+0005 2224+0006 2225+0005 0.010£0.002 0.009+0.002 0.010=0.002
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TABLE IV. Summary of second- and third-shell information obtained from EXAFS spectra for the rare-earth phosphate glasses in the vicinity
of the metaphosphate composition, where R represents the rare-earth ion. The results marked with an asterisk were obtained by using

Fourier filtering.

R-P correlation

Second R~O correlation

Glass

modifier T=17K T= 145K T=203K T=79K T = 145K T = 293K
La #3.61 £0.04 *3.60 = 0.03 *3.54 + 0.04 B
CC s e oo ee eae esw
Pr 3.39+0.04 3.40 +0.04 340+ 0.04 4.13+0.02 4.13 £ 0.02 413 +0.02
Nd 3.42+0.03 341 +0.04 3.44 +0.03 4.07+0.02 , 4.08 +0.02 4,08 +0.02
Sm 342 +0.05 3.41 +£0.05 3.40+0.02 4.08 £0.01 4.07 +0.02 4.03 +0.01
Eu 334 +0.05 3.33+0.05 3.34+0.05 4.04 +=0.02 4.03 +0.02 4.07 £ 0.02
Gd 3.17+0.03 321 £0.15 3.18+0.06 4.01+0.02 4,01 +0.02 4.01 +0.03
Tb - Lo 3.95+0.01 394+002 - - 4.01 =0:01 -
Dy '3.94 £ 0.04 3.98x0.02 - v 7392002
Ho 3.15+0.07 3.11 £0.07 3.12+0.06 3.96+0.02 3.98 £0.02 3.95+0.03
Er 3.95+0.02 3.95+0.02 3.97 +0.02

The Debye-Waller terms for the first shell, Agg =
200> are shown in Fig. 5(c). The values of Ago are
expected to decrease with decreasing temperature. The
results show this within experimental error. In order to
elucidate the temperature dependence, we have averaged
the value of Agq for a given temperature over the differ-
ent rare earths. The averaging is performed to reduce the
statistical error and is not physically meaningful, al-
though it can be considered as a rough estimate of Ago
for intermediate values of Z. The average values of Agg
obtained for 293, 145, and 79 K, respectively, were

-0.019, 0.015, and 0.013 A?, with a statistical error in the

averages of 0.001 A2 These clearly show the effect of
temperature.

IV. DISCUSSION

Figure 5(a) shows that the values of Ry are close to
those predicted for 3+ ions with a coordination of 6. This
is consistent with 3+ being the preferred valence state for
these ions in the metaphosphate glass structure. Dis-
tances calculated from tables for ionic radii assuming
valences of 2+ and 4+ and coordination numbers of 6, 7,
and 8 were in poor agreement with the results [and as a
consequence are not illustrated in Fig. 5(a)]. This is in
accord with the optical properties: the fluorescence and
absorption spectra of Sm (Ref. 30) and Eu (Ref. 3) meta-
phosphate glasses show features arising solely from tri-
valent ions. Other valence states, which can occur in
certain lanthanides, such as 2+ (La, Ce, Pr, Nd, Sm, Eu,
Gd, Dy) or 4+ (Ce, Pr, Tb) or an intermediate valence,
are not favored in these glasses.

We now consider whether there is any linear Z depend-
ence of the values of Ryo, albeit with a slight disconti-
nuity at gadolinium on account of the half-filled 4f
electron shell of the Gd>* ion. Relative to the calculated
values of Ry for 3+ ions with constant coordination, the
measured values of Ry show an increase as Z decreases.

For rare earths with larger Z,"the values of Rpp are’
slightly below those calculated for a coordination of 6.
However, we consider an R-O coordination of less than

6 to be unlikely, in view of the overall balance of evi-

dence relating to the coordinations of rare-earth ions.
Thus there may be a small systematic error in the values
of Rzo. One such error is the correction of (26°/R)(1 +
R/\) which has been neglected.”® Applying this- factor -
would increase the values of R by approximately 0.01 A,
assuming a typical value of 10 A for \ (e.g., Ref. 24). For
rare-earths with lower Z, the values of Ry are interme-
diate between those calculated for coordinations of 6 and
7. A coordination of 7 has recently been reported for'a La
metaphosphate glass by Hoppe et al.*'

The variation in Ny with Z is shown in Fig. 5(b).
These values have larger uncertainty than those for Ryo.
However, we note that they are largely consistent with
the values of Ryo. That is, Ny increases as Z decreases
with values intermediate between 6 and 7 for rare earths
with smaller Z and slightly below 6 for rare earths with
larger Z. If we consider that a coordination of less than &
is unlikely, this suggests a possible systematic error in
Ngo- One such error could be in the value of the fixed
parameter AFAC. An increase in AFAC from 0.7 to 0.75
would give values of Ny closer to 6 for rare earths with
larger Z. There are two exceptions to the above trends.
The value of Ny for the Nd sample is inconsistently
large and for the Ce sample is inconsistently small, com-
pared with Rpo. Note that the values of the Debye-
Waller terms, Ao, for these two samples also seem to
be larger and smaller (respectively) than for the other
samples. Corrections to the data that improved the values
of Ago should also improve the values of Nio because
these are correlated parameters. Aside from this, the
interpretation based on Ry values is expected to be
more reliable, because of the greater precision in this
parameter.
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FIG. 5. Variation of (a) Rgo (b) Ngo, and (c) 200> with the rare-
eafth-ion atomic number in the glasses at the three temperatures 79,
145, and 293 K. The lities on the plot in part (a) represent the values
expected for R-O distanice calculated from tables of ionic radii for R**
afid for coordination of 6 (solid line), 7 (long dashed line), and 8 (short
dashed line). A solid guideline in part (b) is included showing Npg =
6 (average of the measured Ny is 6.1).

The observed Z dependence of the R-O structural
parameters, Rpo and Ny, can be understood in terms of
the Z-dependence of rare-earth-ion size. Rare earths with
smaller Z have larger radii and are not coordinatively
satiifated by only 6 oxygens.>? The structures of crystal
rare-earth metaphosphates also show a Z-dependence.
For rare earths La to Gd the orthorhombic structure is
observed,  whereas: for rare earths Sm to Yb the mono-

“clinic structure is observed.>® The monoclinic structure
has a coordination of 6. The orthorliombic structure has
a coordination of 6 but with an additional 2 oxygens at an
approximately 15% larger distance, sich that the overall
coordination can be considered as somewhat greater than
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6 (but less than 8). This 6 + 2 type of coordination was
observed in a Eu(PO;); glass through an x-ray diffraction
study.>® The EXAFS results reported here could not con-
firm the presence of these outer two oxygen atoms al-
though this may be because the boundaries between these
two different coordinations encompass the rare earths
Sm, Eu, and Gd. These rare earths also fall approxi-
mately in the middle of the trends seen for the glasses, in
Figs. 5(a) and 5(b).

Another factor which might influence the structure of
the glasses is the composition. The ratio of non-bridging
oxygen to rare-earth ions increases as the percentage of
rare-earth oxide, x, decreases. In the case of divalent
metal metaphosphate glasses, Hoppe has argued that this
can enable an increased oxygen coordination of cat-
ions.>” Furthermore, in crystal rare-earth metaphos-
phates, with x = 0.25, the coordination is 6 or somewhat
larger than 6. However, for crystal rare-earth ultraphos-
phates, with x = 0.17, the coordination number is 8 and
Rgo is equal to the calculated value for a 3+ ion with
coordination of 8. To consider the effect of composition,
we can consult Table I. This shows that most of the
samples are in the region of the metaphosphate compo-
sition, with the exception of the La, Nd, and Sm samples
which are significantly shifted toward the ultraphosphate
composition. However, the results for these samples do
not depart from the trends seen for other rare earths. The
sole exception is the Ny value of approximately 8 for
the Nd sample. Considering the balance of results, and
the greater precision in Rro, we find no clear evidence
for a composition effect. Further work is in progress to
help clarify this matter.

We now consider the mean-square deviation in R-O
distances, o> = Ago/2, due to thermal and static dis-
order. From the values of Ag averaged over different
rare earths, the effect of temperature on opo* is a
decrease from approximately 0.0095 A% at 293 K, to
0.0075 A% at 145K, to 0.0065 A? at 79 K. The linear
dependence on T is consistent with the predicted behav-
ior for o” (e.g., Ref. 36). On this basis, the typical con-
tribution due to static disorder can be estimated at
0.006 A% This can be compared with estimates of the
static disorder in rare-earth metdphosphate crystals: the -
mean-square deviations of the Ry distances are 0.005
and 0.001 A? in the orthorhombic Yb and La metaphos-
phate crystal structures, respectively.

One of the aims of this study was to investigate the
possible temperature dependence of the rare-earth envi-
ronment. Inspection of the values of Rypo and Nig in
Table III and Figs. 5(a) and 5(b) does not show any clear
trend with temperature relative to the uncertainties. To
check for subtle trends, we calculated the averages of
Rro and Ny, for a given temperature over different rare
earths. This is not physically meaningful but reduces the
effect of statistical error. Between 293 and 79 K, the -
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average values showed negligible change in Rgo and a
marginal decrease of approximately 0.3 in Nyo. The lat-
ter result may be influenced by the relatively large
change in Ago, because Ay and Ny are correlated pa-
rameters. Thus we consider the assumption of no tem-
perature dependence to be valid for Rpo and to be
reasonable for Nz. On this basis, we have calculated for
each rare earth the averages of Ry and Npg over the
three different temperatures, in order to reduce the effect
of statistical error. The results, shown in Table V and
Fig. 6, confirm the trends already discussed. Further-
more, they suggest that the Z-dependence may be local-
ized to a change occurring between Gd and Tb. As
discussed above, the crystal rare-earth metaphosphates
exhibit such a Z-dependence.

We now turn our attention to the fits to higher shells.
As discussed above, these involve large uncertainties,

TABLE V. Values of R-O distance, Rgp, and coordination number,
Ngo» Obtained by averaging over temperatures of 293, 145, and 79 K.
These values appear in Fig. 6.

Glass Ryo (A) Nro
modifer (=0.01) (£10%)
La 2.42 6.4
Ce 237 53
Pr 2.37 T 64
Nd 2734 8.1
Sm 2.32 ' 6.7
Eu 2.31 6.1
Gd 2.29 6.2
Tb 2.26 55
Dy 2.24 5.6
Ho 223 5.8
Er 2.22 5.7
25 [ T T T T T T
T 24 .
- -
oF j l
23 [ .
22 [ 18
:_ } I t I3 s 2
3 i
X § } § 2 i Zn:
i —_— 1
1 1 I i 2 L il 1 L 1 H 2 4
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FIG. 6. Variation of Ryo 2nd Ny, with atomic number of the meta-
phosphate glasses. The values are obtained from averaging over the
results from three different temperatures: 293, 145, and 79 K.
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and only the shell distances are reported. For the second
shell, the fitted values of R—P coordination, Ngp, were
between 3 and 7. This is compatible with a predicted
coordination of 6 to 7, based on the coordination in rare-

earth metaphosphate crystals. (Note that. Ngp cannot be . .

greater than Ny because each non-bridging oxygen can
be bonded to at most one P.) In the metaphosphate crys-
tals, a second R-O correlation extends from approxi-
mately 4.0 to 4.5 A, with a total coordination number
approximately 20. The fitted third shell distances were
between 3.9 and 4.2 A. Thus it is possible that the
EXAFS results correspond only to the start of the second
R-O correlation. It should also be noted that the second
and third shells can be expected to contain multiple scat-
tering contributions. Calculations for octahedral NdOg
clusters shows that triangular and collinear multiple scat-
tering paths makes contributions at distances correspond-
ing to the second and third shells.>> We have carried out
preliminary calculations for octahedral ErOg clusters that
support this. However, these calculations on distances do
not include R—P and second R-O correlations which we
know will be present in these glasses. Furthermore, dis-
order in glasses reduces the significance of multiple scat-
tering effects (as seen in amorphous Si).>” Hence, we do
not expect the multiple scattering contribution to be
dominant.

The absence of R-R correlations within the short
range order of the EXAFS spectrum is particularly im-
portant when considering the optical properties observed
since close R-R distances would result in cross-
relaxation of rare-earth energy levels, thereby lowering
the extent of population inversion possible in these ma- -
terials. Moreover, the lack of rare-earth clustering de-
motes the possibility of a cooperative transition being
responsible for the observed magnetic properties. The
lower limit of 4 A observed for R-R correlations can be
compared with the feasible range for rare-earth separa-
tion of 3.5-6 A, which is estimated in the following way:
for rare-earth ions with octahedral coordination to oxy-
gen, a rare-earth separation of less than approximately
3.5 A is not possible if there is only corner-sharing of
octahedra. Indeed, complementary reverse Monte Carlo
simulation results®’*® predict an R-R separation within
this range (at 4.4 A) and density considerations mean that
it is not possible to separate all rare-earth ions by more than
approximately 6 A

Anomalous changes observed at low temperatures in
the acoustic,>®*° thermal,® and optical® properties of
these glasses are not due to observable changes in struc-
ture, within the limits of sensitivity of the EXAFS tech-
nique used here and the temperature range available.
However, there is evidence for a degree of Z-dependence
of the structure with some correspondence to that seen
for rare-earth metaphosphate crystals. We note that
anomalous properties have been reported for glasses with
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rare earths of intermediate Z, i.e., Sm, Eu, and Gd. Fur-
ther studies are currently being carried out using x-ray
diffraction to probe the existence of more subtle struc-
tural ‘cHanges at longer distances in these glasses.

V. CONCLUSIONS

The results reported herein demonstrate the lanthanide
contraction for the set of trivalent rare-earth ions studied.
Each of these jons has a similar local environment to
those in the metaphosphate crystals, the ions being co-
ordinated to approximately six non-bridging oxygen at-
oms. The near-neighbor coordination numbers show a
degree of Z-dependence. The results for rare earths with
smaller Z are consistent with coordinations intermediate
between 6 and 7, whereas the results for rare earths with
larger Z are consistent with coordinations of 6. The
change between these two types of coordination occurs
around Gd. There is no significant temperature depend-

_ence of near-neighbor distances or coordination numbers,

:

in-the temperature range from 79 to 293 K. This indicates
that the anomalous thermal, acoustic, and optical prop-
erties of these glasses at low temperature do not result

. from significant temperature-induced changes in the

rare-earth environment. The rare-earth ions in the glasses

_ are separated by distances greater than ~4 A. This can be

compared with a lower' limit of approximately 3.5 A,
which exists in the case of R-O octahedra which only
share corners.
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