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Abstract

The local environment around Pr’* ions in a silica xerogel, densified at 950°C, and in 4Zn0O - 3B,O; glasses doped
with different Pr concentrations (from 0.5 up to 8 mol%) has been studied by X-ray absorption spectroscopy at the Pr
L;-edge. The radial distribution functions (RDF) 1n the region of the first coordination shell of praseodymium, 1.€. the
nearest group of oxygen atoms, were reconstructed using a model-independent approach. Both 1n the xerogel and in the
glasses, the RDFs are broad and asymmetric, with a tail on the long distance side and a coordination number ranging
between 6 and 7. The RDF of the xerogel is broader and more symmetric and shows a coordination number slightly
lower than in the glasses. The local environment of Pr’* in 4Zn0O - 3B,0; glass does not change as a function of the

praseodymium content. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Glasses activated by rare-earth (RE) 1ons are of
great interest because of their applications 1n pho-
tonics and optoelectronics [1]. Among the differ-
ent lanthanides, Pr’* is an excellent ion for
optical applications, such us up-converters and
optical amplifiers, mainly because of 1ts optical
spectrum [2].

This paper presents a study of the local coordi-
nation of Pr’* in two disordered hosts, with differ-
ing networks and differing preparation methods,
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viz. zinc borate glasses of composition 4Zn0O -
3B,0O; obtained by melt quenching and a silica
xerogel densified at 950°C for 120 h. Both systems
have been recently mvestigated by spectroscopic
techniques [3,4] and have quite different dynamics
for the relaxation of the electronic states of Pr’*.
In particular, the energy transfer by cross-relax-
ation 1s very efficient in the xerogels even at the
smallest Pr** content [4].

X-ray absorption spectroscopy (XAS) i1s a very
powerful tool 1n this ficld because of 1ts atomic se-
lectivity. The recent development of high intensity
synchrotron radiation sources now allows these
studies to be extended to low concentrations of ab-
sorbing element, by using fluorescence detection
techniques.
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2. Experimental procedure and data analysis

Glasses of composition 4Zn0O - 3B,0;, doped
with 0.5, 1, 2, 4 and 8 mol% of Pr’*, were prepared
by mixing appropriate quantities of ZnO (Carlo
Erba Analyticals RPE), H;BO; (Carlo Erba Ana-
lyticals RPE) and PrgO,;, (Janssen Reagent Grade)
in a platinum crucible. The samples were melted at
1250°C for 4 h. Each liquid was then cast in a
brass mould and annealed at 500°C for 12 h. Silica
xerogel doped with 10 000 ppm Pr/Si were pre-
pared via the hydrolysis and condensation of
tetramethylorthosilicate (TMOS), methanol and
deionized water, in the presence of nitric acid [3].
The Pr’* ions were introduced in the initial stage
of the process, by dissolving Pr(NO;); - 6H,0
(99.99%, Aldrich) 1In a methanol/water mixture.
The molar ratio 1in the starting solution
was H,O:CH;OH:HNO;:TMOS =10:6:0.7:1. Af-
ter preparation, the xerogel was densified at
950°C for 120 h.

The reference material used in the EXAFS (Ex-
tended X-ray absorption fine structures) analysis
was crystalline PrVQy [6], prepared by a solid-state
reaction starting from PrgO;; and V,0s powders.
The powders were ground and mechanically mixed
in the appropriate quantitics. They were subse-
quently heated 1n air at 680°C for 12 h, finely
oround and, finally, heated again for 12 h at
1000°C; X-ray diffraction (XRD) measurements
confirmed the quality of the final polycrystalline
product.

The Pr L;-edge X-ray absorption spectra were
recorded at the European Synchrotron Radiation
Facility (ESRF - Grenoble, France) storage ring
at the GILDA BMS8 beamline. The electron energy
was 6 GeV and the maximum stored current 140
mA. The X-ray beam was monochromatized and
focused onto the sample by a Si1(3 1 1) double-
crystal monochromator and its primary intensity
was monitored by an 1on chamber containing ar-
gon gas. The silica xerogel and the glasses doped
with 0.5, 1, 2 and 4 mol% of praseodymium were
measured in fluorescence mode using a Ge solid
state detector 1n the 90° configuration. The &
mol% Pr doped glass and the reference crystalline
compound, PrVO,, were measured in transmission
mode under the same experimental conditions
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Fig. 1. The XANES region of the Pr L;-edge spectra for PrVQy,
densified silica xerogel and 4 mol® Pr'*-doped zinc borate
glass. The white-line (WL) is indicated by an arrow. The posi-
tion of the photoelectron energy origin, E;, used in the EXAFS
calculations, 1s shown by the vertical dotted line.

using a second ion chamber to monitor the inten-
sity of X-rays passing through the sample. All of
the measurements were performed at room tem-
perature.

The data analysis was performed using the
EDA EXAFS data analysis software package [7].
The XANES (X-ray absorption near edge struc-
tures) region of the experimental spectra, normal-
i1sed to the absorption jump, 1s shown in Fig. 1.
The experimental EXAFS signals (Fig. 2(a)) were
extracted following a standard procedure [7.8].
The energy origin of the photoelectron Ey=35970
eV (Fig. 1) was determined by aligning the experi-
mental EXAFS signal with that calculated for the
reference compound PrVQO, [9]. The EXAFS cal-
culations for PrVO,; were performed using the
FEFF6 code [10] for a cluster centred at the Pr
ion and having a radius of approximately 7 A.
The experimental EXAFS signals, ky(k),
(Fig. 2(a)) were Fourier transformed (FT) in the
range 0.5-10.0 A~' using a Kaiser—Bessel window
and back-FT in the 0.5-2.8 A interval, to single
out the contribution of the first coordination shell
(Fig. 2(b)). A contribution due to next nearest
shells 1s also resolved, both in the xerogel and in
the glasses, and will be briefly discussed later.
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Fig. 2. Experimental Pr Ls;-edge EXAFS & yx(k) spectra for the
densified silica xerogel (10 000 ppm Pr/Si) and 4 mol% Pr**
doped zinc borate glass (a) and their Fourler transforms (b).
The region of the first coordination shell is indicated in (b).

The first shell EXAFS signals obtained, ky(k),
were fitted (Fig. 3(a)) in the k-space over the range
1-7 A", using the previously determined theoret-
ical backscattering amplitude and phase shift func-
tions for the Pr-O atom pair. The fit was
performed in the k-space using the minimization
procedure fully described in Refs. [7,8], which al-
lows a model-independent radial distribution func-
tion (RDF), G(r), to be reconstructed within the
first shell. Details of the method and 1ts applica-
tion to a set of crystalline and disordered systems
can be found in Ref. [8]. The calculated RDFs
are presented in Fig. 3(b): the error bars shown
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Fig. 3. Results of the fit to the first shell around the Pr ions. (a)
the calculated (solid lines) and experimental (dashed lines) EX-
AFS signals and (b) the resulting RDFs. The error bars indicate
the range of uncertainty between different best fit resuits.

in the figure indicate the range of the different val-
ues obtained at each r point ot the G(r) curves re-
sulting from different parameters in the analysis
and best fitting procedure. Since the EXAFS spec-
tra for all of the zinc borate glasses are identical.
within the marked experimental error, only the da-

ta for the 4 mol% Pr-doped glass are presented 1n
Figs. 2 and 3.

3. Results

The Pr L;-edge XANES region (Fig. 1) has a
strong white line (WL), located just above the
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edge, and a fine structure, located above the con-
tinuum threshold, E,. The origin of the WL 1s
the 2ps;» — Se,d transition, from the 2p(Pr’*)
core-level into the final relaxed state in the contin-
uum (e) with S5d(Pr)-atomic character [9]. The
shape of the WL maximum indicates that praseo-
dymium ions are present only in the Pr’* valence
state [11].

The first coordination shell of praseodymium in
the xerogel and in the glasses i1s described by the
total RDF shown in Fig. 3(b), which shows the
broad asymmetric distribution of the Pr-O dis-
tances in these systems. The EXAFS signals corre-
sponding to the RDFs are in good agreement with
the experimental ones, as shown in Fig. 3(a). The
RDFs obtained can be described by a set of struc-
tural parameters (Table 1), such as the total coor-
dination number, N (given by the area under G(r)),
the position of the maximum, Rmax, the mean Pr-
O distance, (R), and the variance, ¢ (mean square
relative displacement, MSRD) which represents
the sum of the thermal and static disorder. It can
be seen (Fig. 3(b) and Table 1) that the position
of the maximum in the xerogel and in the glasses
is almost the same as in the ¢c-PrVQO, but, at vari-
ance with what observed for the reference crystal,
the RDFs in the xerogel and glasses are asymmet-
ric with a tail on the longer distance side and a
smaller coordination number. Moreover, some dif-

Table 1
Structural parameters for the Pr’* environment obtained from
the EXAFS data analysis

Sample N Ruax (A)  (RY(A) &2 (AY)
PrvQ, 8 2.47 2.47 0.010
Silica xerogel 6.2 2.47 2.50 0.023
Glass 0.5% 7.1 2.47 2.53 0.029
Glass 1% 7.1 2.47 2.53 0.024
Glass 2% 6.5 2.47 2.53 0.020
Glass 4% 6.9 2.47 2.53 0.028
Glass 8% 6.7 2.47 2.53 0.022
Glass (average) 6.9 2.47 2.53 0.025

N (£0.7) is the total coordination number; Ryax (£0.02 131) IS
the position of the RDF maximum; (R) (+0.02 13;) 1s the first
central moment of the RDF (i.e. the mean Pr-O distance), and
o° (+0.005 5@) is the second central moment of the RDF (i.e.
the variance). The neutron powder diffraction data for PrvOy

are fm}r Oxygen atoms at 2.422 A and four Oxygen atoms at
2.526 A, i.e. N =8 and R,... =2.474 A [10].

ferences also exist between the xerogel and the
glasses: in the former, the RDF is broader and
more symmetric and has a smaller coordination
number, as expected from a comparison of the first
peak intensities in the Fourier transforms of the
EXAFS signals (Fig. 2(b)).

Similar results, for both the crystal and the
glasses, were obtained with different Fourier trans-
form intervals (1.0-7.5 and 1-9 A1) and using
different k (2.4-7.0 A=) and R (1.3-3.3 A) ranges
for the RDF reconstruction: the range of the re-
sulting G(r) functions are clearly indicated by the
marked error bars on Fig. 3(b). Moreover, the cal-
culated coordination numbers for the glasses, as
well as the mean distances and the MSRD relative
to the crystal reference, are in agreement with
those determined by the ‘ratio-method’ using the
EXTRA data analysis software package [12].

4. Discussion

A comparison of the EXAFS results obtained
for the 4Zn0O - 3B,0O; glasses and the densified
xerogel is useful, in order to make some comments
concerning the differing environments of the Pr**
ions in these systems. The first important point 1s
the constant position of the maximum of the radial
distribution (Rmax). This constancy means that
the Pr’* ions, in these glasses and in the densified
xerogel, have local environments with the pre-
ferred Pr—O distance, appropriate to the 10nic size
[13]. This result is in agreement with spectroscopic
measurements on Eu’* silica xerogels [14] and with
EXAFS measurements on borosilicate glasses [15].
However, our refined analysis shows that the first
coordination shells are distorted, due to the strain
imposed by the host systems. The distribution of
distances around Pr’' in the xerogel is the most
broadened, extending from 2.2 to 3.0 A. In addi-
tion, the RDFs for the xerogel and glasses are
asymmetric with a tail at longer distances. The
presence of shorter Pr-O bonds in the xerogel 1s
due to the modification of the xerogel matrix dur-
ing the densification process. In fact, the thermal
treatment of xerogels results in a contraction of
the whole system due to the progressive dehydra-
tion and densification: in course of this process
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the Pr’* environment changes from a wer state
(where i1ts main coordination 1s similar to that 1n
water solutions) to a solid state, which 1s mainly af-
fected by the contraction of the S10, network. This
contraction also results in a decrease of the coordi-
nation number, which changes from 8 to 6.2 [9],
confirming the results of spectroscopy studies [14].

It should be noted that the local environment of
the Pr’** ions is well defined, in spite of the asym-
metry and distortion of the first coordination shell,
and that the RDF does not change (within our ex-
perimental accuracy) on changing the Pr content
from 0.5 to 8 mol% 1n the 4Zn0O - 3B,0; glasses.
We can explain this experimental fact in terms of
an active role for the Pr*" ions, which locally in-
duce changes in the surrounding structure, without
indications of clustering or nucleation. This hy-
pothesis 1s confirmed by a qualitative analysis of
the next nearest neighbour shell. We note a clear
difference between the spectra of the xerogel and
the glasses, mainly in the imaginary part of the
peak centred at 3.2 A 1n the Fourier transform
(Fig. 2(b)), whereas all of the glasses have similar
features 1n this region.

A quantitative analysis of the next nearest
neighbour shell contributions has been performed,
but the short range of the experimental data and
the quality of the signal allow us only to draw
qualitative conclusions. For the xerogel, the EX-
AFS signal can be modelled by Pr-S1 and Pr—Pr
contributions: the presence of short Pr—Pr distanc-
es agrees with the observed quenching of the lumi-
nescence 1 xerogels [4]. For the glasses, the
presence of Pr-Zn and Pr—B contributions 1s suffi-
cient to yield a satisfactory result: without the con-
tribution from a Pr—Zn distance, the fit becomes
worse. The presence 1n the glasses of a Pr—Pr dis-
tance cannot be ruled out at this stage, but the ab-
sence of changes as a function of the Pr
concentration confirms the absence of clustering.
We note that other EXAFS studies (for example
of Er’* in different glasses) agree with our conclu-
sion that, for a selected glass system, the local en-
vironment does not change as the level of dopant
concentration 1s varied [16].

A final comment can be made concerning the
coordination numbers obtained within the first
shell: they are reduced with respect to the reference

crystal, PrVQ,, and there 1s a difference between
the densified xerogel and the glasses: the average
number of oxygen neighbours 1in the xerogel i1s
about 0.6 atoms smaller than in the glasses (Ta-
ble 1). This decrease can be correlated with the
corresponding shift imn (R), calculated for the
asymmetric RDFs: a similar trend has been ob-
served for lanthanide ions in silicate glasses with
different amounts of network polymerisation [13].
The possibility of a rearrangement of the network
around the rare-earth 1ons depends on the pres-
ence of non-bridging oxygen atoms, and on the
RE elements acting as network modifiers. The dif-
ference in host systems and preparation conditions
can explamn the observed difference between the
RDFs. The question remains as to the role of the
zinc 10ns, because at this stage we cannot exclude
the presence of Pr-O-Zn correlations in the zinc
borate glasses.

5. Conclusions

A XANES and EXAFS analysis of the Pr Ls-
edge for a densified silica xerogel (10 000 ppm
Pr/S1) and 4Zn0O-3B,0; glasses (containing 0.5, 1,
2, 4 and 8 mol% of Pr) have been presented. The
shape of the XANES signals confirms that the pra-
scodymium in these materials is present as a Pr’™.

The radial distribution functions for the first co-
ordination shell of Pr’* have been reconstructed
from the EXAFS signals. The RDFs for all of
the zinc borate glasses are stmilar and correspond
to ~6.9 £ 0.7 oxygen atoms with a broad distribu-
tion of Pr-O distances. The mean Pr-O distance
(R) 1s about 2.53 A and differs by ~0.06 A from
the position of the maximum Rpyax = 2.47 A, due
to an asymmetry of the distribution, appearing
as a tail at longer distances. The shape of the dis-
tribution for the densified xerogel 1s more symmet-
l'iC, with <R>:246 A and RMAX:2-47 A. The
main difference between the densified xerogel and
the glasses, in the first shell, 1s the average number
of oxygen neighbours, which 1s ~6.2 * 0.7 in the
xerogel; 1.e. about 0.6 atom smaller than in the
glasses.

EXAFS spectroscopy does not detect changes
in the local environment of Pr’* in the
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47n0 - 3B,0; glasses, as a function of the praseo-
dymium content, nor in the next nearest neighbour
shell, where there is evidence for the presence of
contributions from Pr—-B and Pr—Zn distances. No
clustering is observed with increasing Pr content.
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