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Abstract

The present contribution presents X-ray absorption fine structure (XAFS) measurements and analysis of the Ge and Ga local struc-
ture in glass of Ca;Ga,Ge;0;, composition, doped with rare-earth metals (Ce, Eu, Ho, Er in the amount of 0.7 wt% and Nd in the
amount of 1.0 wt%). The Ge and Ga ion neighborhoods in the considered glass samples have been compared with data obtained for
undoped glass. The results have shown that introduction of rare-earth ions modifies the local structure around the Ga ions in the glass
network, leaving the same occurrence ratio of the GaO4 and GaOg structural units as in undoped Ca;Ga,Ge;01; glass. At the same time,
the GeO, subsystem remains completely unaffected by the presence of rare-earth dopants.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Disordered crystals and glass matrices doped with tran-
sition and rare-carth metals’ ions are very attractive as pos-
sible laser media (especially for tunable solid state lasers),
optical fibers and for other applications in optoelectronics
[1-3]. Experimental investigations and theoretical analysis
of spectroscopic properties of transition and rare-earth
impurity metal ions in disordered compounds, particularly
compositionally (or substitutionally) disordered oxide crys-
tals and glasses, are current topics of solid state physics and
optical materials technology. This also concerns CaO-
Ga,03-GeO, compounds, which can be obtained in crys-
talline and glassy states. These compounds are novel
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materials for quantum electronics and other applications.
In particular, CaO-Ga,03-GeO, glasses are promising
materials for red phosphors (when activated with Eu®")
and green lasers, as well as IR LED pumping up-converted
lasers, operating in the visible spectral region (when acti-
vated with Ho>" and Er*" ions).

Electron paramagnetic resonance (EPR) and optical
spectroscopy are powerful methods to study the local envi-
ronment and crystal field parameters for dopant ions in sin-
gle crystals. However, interpretation of EPR and optical
spectra of rare-ecarth metal ions in glasses requires a
detailed structural investigation of glasses and comparison
of the obtained results with well-known structural data for
their crystalline analogues. Therefore, a detailed structural
study of Ca0-Ga,05-GeO, glasses is necessary (local
neighborhoods of Ga or Ge and of impurity ions). The
extended X-ray absorption fine structure (EXAFS) method
is characterized by atomic selectivity and high sensitivity to
the short-range order, and it thus appears to be the most
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suitable technique to study atom neighborhoods in multi-
component and disordered systems, particularly in the case
of very low photoabsorber concentrations.

Earlier studies of the Ca;Ga,Ge;0,, glass by X-ray scat-
tering and molecular dynamics simulations have shown
that their structure is characterized by a short-range order-
ing similar to that of the corresponding crystalline com-
pounds and that their glass network is built of GaOg
octahedra and (Ga/Ge)O, tetrahedra [4]. On the basis of
EXAFS analysis at Ga and Ge K-edges, detailed structural
parameters of the glass have been obtained and compared
with the ordered Ca;Ga,Ge;O;, crystal structure [5]. It
should be noted that significant redistribution of GaOy
and GaOg units has been detected.

The present paper is organized as follows. Section 2 cov-
ers technical issues: the EXAFS measurements and the
analysis method are described. Experimental results of
the X-ray absorption fine structure (XAFS) measurements
at the Ge and Ga K-edges and EXAFS analysis are pre-
sented and discussed in Section 3. Section 4 contains our
concluding remarks.

2. Technical issues
2.1. EXAFS measurements

Ce-, Nd-, Eu-, Ho- and Er-doped glass samples of high
chemical purity and optical quality of Ca;Ga,Ge;0;, gen-
eral composition were obtained in corundum crucibles with
the conventional high-temperature synthesis technique (for
detail see [6]). The europium impurity was added to the
glass composition as EuCls liquid solution in the amount
of 0.7 wt%. The holmium, erbium and cerium impurities
were respectively added as Ho,03, Er,O; and Ce,O3 pow-
dered compounds, in the amounts of 0.7 wt%. Neodymium
was added to the glass composition as Nd,O3 in the amount
of 1.0 wt%. The chemical composition of the obtained sam-
ples was controlled with the X-ray microanalysis technique
using a ‘Camebax’ apparatus. The Eu- and Ho-doped
glasses were characterized by light yellow color, while the
Er- and Nd-doped glasses were respectively light pink and
light blue in color. The Ce-doped glass was characterized
by intense yellow color. Powdered samples as well as bulk
samples were used for the X-ray scattering measurements,
the latter with the approximate size of 8 x 4 x 3 mm°>. The
doped glasses have exhibited typical glassy-like X-ray struc-
ture factors, quite similar to the structure factor of un-
doped glass of the same composition [4].

Finally, the glasses were milled (to the grain diameter of
about 1 um) and the powder so obtained was used to pre-
pare pellets for XAFS measurements. 20 mg of powder was
carefully mixed with 180 mg BN and pressed, thus produc-
ing homogenous pellets 12 mm in diameter, and 2-3 mm
thick.

The spectra of doped Ca;Ga,Ges;0,, glasses at the Ge
and Ga K-edges were recorded at the Al beamline station
at HASYLAB, Hamburg. Room temperature measure-

ments were performed in the 10.8-12.1keV and 10.1-
11.0 keV energy ranges for the Ge K-edge (11.104 keV)
and the Ga K-edge (10.367 keV), respectively. The sam-
pling procedure was so chosen as to yield high quality data
for both pre- and post-edge background analyses used to
normalize the spectra. Further detail of the experimental
setup can be found in [7].

2.2. Analysis method

The experimental data were analyzed with an advanced
technique using theoretical calculations of the X-ray
absorption cross-section in the framework of the GNXAS
method [8-11] (GN stands for the n-atom distribution
function in condensed matter, g,, XAS denotes X-ray
absorption spectroscopy). The main characteristic of the
method is the possibility to calculate and perform the con-
figurational average of multiple-scattering (MS) contri-
butions (at any order) associated with two-, three- and
four-atom configurations, y'?, y® and ¥ signal, respec-
tively. This is accomplished by a continued fraction expan-
sion algorithm [8]. In our analysis only the two-body term,
7@ was used. Other signals, associated with e.g., three-
body configurations, were beyond the sensitivity of the
EXAFS method in the case of the considered materials.
Calculation of the XAS y? signal was performed using
an accurate complex energy-dependent self-energy func-
tion, which automatically accounts for the inelastic mean-
free-path (MFP) of the excited photoelectron and for the
core-hole lifetime.

In addition, the GNXAS scheme can account for multi-
electron excitation channels, affecting the modelling of the
post-edge atomic backgrounds. Inaccurate extraction of
the atomic background neglecting double-clectron chan-
nels may result in the presence of low-frequency compo-
nents without structural origin in the EXAFS signal.

Finally, the GNXAS method is based on comparison in
the energy space between the experimental EXAFS signal
and the theoretical one, composed of an appropriate back-
ground and the structural oscillation calculated for a cho-
sen structural model, in an attempt to optimize the value
of relevant structural parameters (describing the short-
range ordering around a selected atomic site) and non-
structural parameters (e.g., experimental resolution, SS,
E()).

As a simple Gaussian shape of the short-range peak of a
pPDF (partial pair distribution function) is usually insuffi-
cient to describe accurately the short-range ordering of
highly disordered systems, the bond length probability den-
sity, p(r), was modelled using a I'-like distribution [9]:

Pl = angzgz) %* - &)
X exp {—(%—F%)} (1)
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defined for (r — R)f> —206. In Eq. (1) I'(") is the Euler
Gamma function, while NV, is the coordination number, R
— the average inter-atomic distance, ¢ — the standard devi-
ation of distance, and f§ — the skewness parameter.

The most important non-structural parameter is S, the
amplitude reduction factor, accounting for effective many-
body correction to the one-electron cross-section. For all
the considered glasses S; was in the (0.75-0.8) range.
Another parameter, Ey, describing the shift between exper-
imental and theoretical energy scales, reached a value
about 5 ¢V higher than the edge energy taken as the max-
imum of the spectrum derivative calculated near the
threshold.

3. Results and discussion

In this Section the results of structural analysis per-
formed according to the above mentioned methods are pre-
sented. The analysis has been focussed on the short-range
(oxide) ordering around Ge and Ga ions of the considered
structures doped with ions of rare-earth metals. The struc-
tural parameters of the other two-body correlations, Ge—
Ga, Ge—Ca, Ga—Ca and Ga—-Ge, have also been obtained,
but the uncertainties of determination of these parameters
are so great, that our discussion will be qualitative rather
than quantitative.

As our analysis of the spectra’s shape near the absorp-
tion edge (XANES region — X-ray absorption near edge
structure) had shown no significant differences among the
various compositions of the examined material, they were
analyzed in the EXAFS range.
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In our GNXAS analysis of the Ge and Ga K-edge spec-
tra the following three-shell frequency contribution was
taken into account in modelling the theoretical signal:
Ge-0O, Ge-Ca and Ge-Ga for the Ge-edge spectra, and
Ga-0O, Ga-Ca and Ga-Ge for the Ga-edge spectra. Com-
ponents of the model signals and quality of the fitting pro-
cedure are shown, for example, in the case of Eu-doped
glass in Fig. 1(a) and (b) (for the Ge and the Ga K-edge,
respectively). The post-edge background was modelled
piece-wise by spline functions of the third and fourth
degree, taking into account double-clectron excitation
channels such as (1s 3s) and (1s 3p).

The influence of various contents of rare-earth metals’
ions in the CazGa,Ge;0p, glassy matrix on the Ge local
structure is shown in Fig. 2. No significant correlation
between the type of rare-earth impurity and the shape of
the EXAFS signal has been detected. Detailed structural
parameters of the Ge—O distribution are presented in Table
1. The accuracy of the mean distance between the photoab-
sorber and the nearest neighbor amounts to 0.01 A. Param-
eters ¢ and N have been determined with an error of about
10%. The accuracy of f determination has been about 30%.

The contents of Table 1 suggests that, independently of
the rare-earth ion’s type, the Ge local structure is character-
ized by R=1.75(1) A, ¢>=0.0020(2) A%, =0.3(1) and
N =4.0(3). This means that, like in crystalline Ca;Ga,-
Ge;3045 or in undoped glass, structural units of the germa-
nium oxide subsystem have the form of regular tetrahedra.
Furthermore, the mean Ge-O bond length in doped glasses
determined in EXAFS analysis is comparable with that
determined for the undoped glass (using EXAFS, X-ray
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Fig. 1. Results of GNXAS analysis in Ca;Ga,Ge;0,; glass doped with 0.7 wt%. Eu ions: (a) Ge K-edge; (b) Ga K-edge. The upper curves are components
of the model signal. The thick line is the model, the thin one shows the experimental results.
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Fig. 2. Results of the Ge local neighborhood analysis obtained by the
GNXAS method realized for Caz;Ga,Ge;0;, glass doped with ions of
rare-earth metals. The thick line is the model, the thin one shows the
experimental results.

Table 1

Parameters of the Ge-O correlation obtained during GNXAS analysis
performed for EXAFS spectra recorded at the Ge K-edge for Ca;Ga,-
Ge;30., glass doped with ions of rare-earth metals

Dopant R (A) o (A?) B N

Undoped 1.75(1) 0.0016(2) 0.5(1) 3.9(3)
0.7% Ce 1.75(1) 0.0021(2) 0.3(1) 4.1(3)
1.0% Nd 1.76(1) 0.0019(2) 0.4(1) 3.9(3)
0.7% Eu 1.75(1) 0.0021(2) 0.2(1) 4.1(3)
0.7% Ho 1.75(1) 0.0020(2) 0.3(1) 4.1(3)
0.7% Er 1.76(1) 0.0021(2) 0.4(1) 4.1(3)

Results for the undoped glass taken from [5].

scattering methods and MD simulations [4,5]), and greater
by as much as 0.1 A when compared with the crystalline
equivalent.

The structure of Ge ion’s second- and third-coordina-
tion shell in considered glasses were analyzed as well. In
the course of this analysis, a small increase in mean Ge—

Table 2
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Fig. 3. Results of Ga local neighborhood analysis obtained by the
GNXAS method for Ca;Ga,Ge;0, glass doped with ions of rare-earth
metals. The thick line is the model, the thin one shows the experimental
results.

Ca and Ge-Ga distances was observed with increasing
ionic radius of the dopant. The greatest observed difference
between undoped glass and that doped with 0.7 wt% of Er
amounted to about 0.1 A. The other parameters remain the
same as those for the undoped glass and practically inde-
pendent of the kind of dopant, subject to the limitations
of the method’s accuracy. Notably, the coordination num-
ber is like that of the crystalline structure, in all cases about
2.0 for Ge—Ca and 4.0 for Ge-Ga correlations.

The fitting results of the Ga K-edge analysis are shown
in Fig. 3. Table 2 presents parameters of the Ga—O corre-
lation only (with same accuracy as in the case of the Ge
K-edge analysis), where two forms of structural units have
been considered (as observed in crystalline and undoped
glass of the Caz;Ga,Ge;0;, stoichiometry): GaOy, tetrahe-
dra and GaOg octahedra.

Analysis of the component signals obtained for GaOy
and GaOg components (see e.g., components Ga—-O(4)

Parameters of the Ga—O correlation obtained during GNXAS analysis perfomed for EXAFS spectra recorded at the Ga K-edge for Ca;Ga,Ge;0, glass
doped with ions of rare-earth metals: index 1 — units in the form of tetrahedra, index 2 — units in the form of octahedra

x Ri (A) o} (A?) B Ny Ry (A) a3 (A) B> N>

Undoped 1.87(1) 0.0039(4) 1.3(4) 3.8(3) 2.29(2) 0.10(1) 1.2(4) 6.0(6)
0.7% Ce 1.86(1) 0.0034(3) 0.8(2) 3.6(3) 2.25(2) 0.12(1) 1.0(3) 6.1(6)
1.0% Nd 1.86(1) 0.0035(4) 0.9(3) 3.5(3) 2.18(2) 0.12(1) 0.9(3) 6.0(6)
0.7% Eu 1.86(1) 0.0031(3) 0.8(2) 3.3(3) 2.19(2) 0.12(1) 1.0(3) 6.0(6)
0.7% Ho 1.86(1) 0.0036(4) 0.8(2) 3.3(3) 2.20(2) 0.12(1) 1.03) 6.1(6)
0.7% Er 1.86(1) 0.0033(3) 0.8(2) 3.0(3) 2.17(2) 0.08(1) 1.0(3) 6.0(6)

Results for the undoped glass taken from [5].
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and Ga—O(6), respectively, in Fig. 1(b) suggests that doping
with ions of rare-earth metals in amounts about of 0.7 wt%
does not cause redistribution of the GaO,4 and GaOg struc-
tural units in relation to the undoped CazGa,Ge;0,, glass.
Still, GaOy4 units dominate and are more regular than the
GaOg groups (compare o> and f-parameters). However,
we observe significant changes in the structure of the gal-
lium oxide subsystem. Firstly, in the case of the tetrahedral
form, an increase in the dopant’s ionic radius induces a
decrease of the coordination number (from about 4.0 to
about 3.0). Secondly, in the case of the octahedral form,
the average Ge-O distance decreases as a result of incorpo-
ration of the rare-earth metal ions.

Some changes have also been observed in the Ga—Ca
two-body correlation: decreased mean distance between
the photoabsorber and the neighbor, decreased mean num-
ber of calcium around gallium (by more than 1.0), and
decreased distribution asymmetry (f-parameters).

4. Conclusions

EXAFS study results of the Ge and Ga local structure in
the Ca3;Ga,Ges;0,, glass doped with rare-earth metals
(Ce, Nd, Eu, Ho, Er) have been presented above. Their
analysis on the basis of the GNXAS approach indicates
that introduction of rare-earth ions into a Ca3;Ga,GezO,
glass matrix may alter its structure around the Ga only,
while the GaO4/GaOg ratio and regularity of units remain
unchanged. The local structure around germanium remains
exactly the same as in undoped glass and is still more
ordered than that of gallium.

However, to gain deeper insight into the glass structure
modification related to impurity ions’ presence, a local
environment study of rare-earth metals in doped glasses
is necessary. This is the subject of our forthcoming work.
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