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EXAFS investigation of local structure of Er3¿ and Yb3¿ in low-silica calcium aluminate glasses
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Erbium and ytterbium environments in low-silica calcium aluminate glasses, with nominal composition 58
CaO, 27.12x Al2O3 , 6.9 MgO, 8 SiO2 , x Er2O3 , or Yb2O3 , 0.2<x<1.5 (mol %), were investigated using
x-ray-absorption fine-structure spectroscopy~EXAFS! on the Er and YbL III edge. The average Er-O bond
separation was found to vary only slightly between 2.24 and 2.21 Å and the Yb-O bond between 2.20 and 2.18
Å. The first-shell coordination number decreased as the rare-earth oxide replaced Al2O3 . For Er2O3-doped
samples this decrease was about 28%, from 6.5 to 4.7 atoms, whereas for Yb2O3-doped ones it was about 14%,
from 6.4 to 5.5 atoms. The decrease in the coordination number is attributed to the difficulty of rare-earth
atoms to coordinate a larger number of the nonbridging oxygens that appear as the CaO/Al2O3 ratio decreases.
The Debye-Waller factor 2s2 varied from 0.026 to 0.012 Å2.

DOI: 10.1103/PhysRevB.69.104203 PACS number~s!: 61.10.Ht, 61.43.Fs
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I. INTRODUCTION

Vacuum melted calcium aluminate~CA! glasses are trans
parent in the infrared spectral range up to 6mm. Due to their
highly refractory nature and excellent chemical durabil
they are suitable for solid-state laser applications.1 To
achieve this aim, rare-earth~RE! atoms have to be introduce
into the glass host, in order to obtain the spectroscopic p
erties of interest.2 However, this RE addition in the glas
composition promotes changes in the glass network, as
as in the envisaged spectroscopic properties, for exam
fluorescence quantum efficiency and lifetime
fluorescence.3 Several quenching processes, such as en
transfer, cross-relaxation, and cooperative upconversion
related to the interaction among the RE ions in the host.3–5 In
pure silica, only very small amounts of RE can be incorp
rated before microscopic clustering and ion-ion interactio
appear.3,5 In the case of phosphate glasses,6 it is possible to
introduce about 25 mol % of RE and only one-tenth of t
amount in CA glasses.7 In oxide glasses, the RE ions act
glass network modifiers because of their difficulty in taki
lower coordination, which is attributed to the strong ionic
of the Ln-O bonds.8 On the other hand, the RE ions a
glass-forming in fluorozirconate glasses.9 Considering these
facts, the consequent changes of the RE environment ha
be investigated.

Chemically specific structural properties, such as in
atomic distances, coordination numbers, and degree of d
der in multicomponent systems with dilute impurities, a
difficult to obtain.10 Extended x-ray absorption fine-structu
spectroscopy~EXAFS! has the sensitivity to probe the stru
ture of atoms surrounding each species of atom in the m
rial by tuning the x-ray energy to the absorption edge o
specific element. Recently, the local structure of RE in m
ticomponent glasses was investigated by sev
researchers.6,11–18However, to the best of our knowledge,
is lacking information about the RE environment in low
silica calcium aluminate~LSCA! glasses. These glasses a
interesting from a structural point of view, since they a
formed with nontraditional network formers.19,20 In the
CaO:Al2O3 phase diagram, the region of glass formation
0163-1829/2004/69~10!/104203~7!/$22.50 69 1042
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limited between 25 and 51 mol % of Al2O3 .21 The assump-
tion for such glass formation in this binary system is t
counterpolaring effect of the Ca ion on the AlO6 complex
that causes a transformation to an AlO4 grouping,22 which
would act as a network former, such as, for example, SiO4 .
However, the alkaline oxide effect on the AlO6 group is not
enough for this transformation to occur easily, so that a h
cooling rate is necessary to prevent crystallization. The
dition of a small amount~,10 mol %! of SiO2 , BaO, or
other alkali/earth-alkali oxide allows the formation of a lar
amount of glass.23–25

Recent studies1,26–31 of RE-doped LSCA glasses show
decrease on the hardness, glass transformation tempera
thermal diffusivity, as well as on the fluorescence quant
efficiency as the RE replaces the Al2O3 content. The intro-
duction of RE in the LSCA glasses is limited to 2 mol %
beyond which crystallization occurs.28 Er-Yb codoped LSCA
glasses appeared recently as a new candidate for solid-
laser applications due to its optimized thermo-optical pro
erties, and because it is the only oxide glass to emit fluo
cence at 2.8mm.31 Sources of light in this wavelength ar
desirable for medical applications.32 In light of its structural
peculiarities, we expect that the RE environment change
the RE content is added to the glass composition. In
work, we investigated the local environment of Er and Y
dopants and Er-Yb codopants in LSCA glasses by the E
AFS technique. The samples were prepared under vac
conditions to prevent water contamination.

II. EXPERIMENTAL PROCEDURES

A. Sample preparation

The Er- and Yb-doped and Er-Yb-codoped LSCA gla
samples were prepared from CaCO3 ~99%!, Al2O3 ~99.1%!,
MgO ~97%!, SiO2 ~99%!, Er2O3 ~99.99%!, and Yb2O3
~99.99%!. The glass compositions are given in Table I. T
10-g batch was melted under vacuum at 1500 °C in a gra
ite crucible for 2 h. The cooling was conducted moving t
crucible to a cooled chamber close to room temperatu
which was also under vacuum. In order to perform the E
©2004 The American Physical Society03-1
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AFS measurements, the samples were cut in a rectang
shape, 1032033 mm, and polished optically.

B. EXAFS measurements

Er and Yb L III -edge ~8358 and 8944 eV, respectively!
x-ray absorption spectra were acquired at the LNLS faci
~Campinas, Brazil! on the XAS station. The LNLS storag
ring is a third-generation synchrotron x-ray source, wh
operates at 1.37 GeV with a nominal ring current of 1
mA.33 A Si ~1 1 1! double-crystal monochromator was use
The data collection was performed in the fluorescence m
using a Si~Li ! solid-state detector with energy selectio
~Camberra SL30165!. At least three scans were collected f
each sample, which were averaged to increase the quali
the experimental data. The analysis of the XAFS data w
performed following the recommendations of the Intern
tional Committee34 using theWINXAS program.35 The first
step of the analysis was the extraction of the EXAFS sign
x(k), i.e., the oscillatory part of the absorption coefficie
given by36,37

x~k!5(
j

S0
2NjF j~k,p!

sin@2kRj1f j~k!#

kRj
2 e22Rj /le22s2k2

,

where S0
2 is the amplitude reduction factor, accounting f

many-body effects,Nj is the coordination number,F j (k,p)
is the backscattering amplitude,Rj is the nearest-neighbo
distance,l is the mean free path of the photoelectron
inelastic scattering, 2s2 is the Debye-Waller factor, which
describes the level of static and dynamic disorder,k is the
wave vector of the photoelectron, andf j (k) is the phase
shift. Thex(k) function was calculated from the absorptio
data,x(E)5@m(E)2m0(E)#/m0(E0), where them(E) in-
cludes absorption from the edge of interest and the EXA
oscillations, m0(E) does not include EXAFS oscillations
and m0(E0) is the absorption coefficient chosen systema
cally at a point near the edge using a single polynomial fu
tion. TheE0 value was obtained taking the second derivat
inflection point of the absorption coefficient. Thex(E) sig-
nal was recalculated into k space using k
5A2m(E2E0)\21 and m0(E) was isolated by fitting a
four-rank polynomial function. Afterwards, we perform th
Fourier transform~FT! of the x(k) signal.

In order to verify the appropriateness of the use of e
pirical and theoretical standards to analyze the chemical

TABLE I. Glass compositions~in mol %!.

Sample CaO Al2O3 MgO SiO2 Er2O3 Yb2O3

CAGER2 58.0 27.0 6.9 8.0 0.2
CAGER7 58.7 25.5 6.9 8.1 0.7
CAGER15 59.8 23.1 7.0 8.2 1.5
CAGYB2 57.8 27.2 7.0 8.0 0.2
CAGYB5 58.4 27.1 7.0 8.0 0.5
CAGYB9 58.9 25.0 7.1 8.1 0.9
CAGYB4ER4 58.6 25.5 8.1 7.1 0.4 0.4
CAGYB4ER9 59.5 23.8 7.2 8.2 0.9 0.4
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vironment of RE in our samples, we performed the Er ed
fits in two ways. The first one was analyzing the FT of t
k2-weightedx(k), taking into account the phase and amp
tude of the standard crystalline Er2O3 , and the second one
was fitting these FT’s, using the theoretical backscatter
phase and amplitude functions for the various paths, ca
latedab initio by FEFF7.38 In this case, theATOMS code39 was
used as a tool to generate the input files forFEFF7using the
crystallography data for Er2O3 and Yb2O3 found
elsewhere.40 The use of empirical standards means that 2s2

is measured in a relative sense, i.e., the 2s2 of the unknown
is measured relative to the 2s2 of the standard. With theo
retical standards, the 2s2 is measured in an absolute sens

In the case of Yb edge fits, the analyses were carried
using only theFEFF7phase and amplitudes. In this analys
we obtained the RE structural parameters, coordination n
ber CN, radial distancer, and the Debye-Waller factor 2s2.

III. RESULTS

Figures 1 and 2 show Er and YbL III -edge EXAFSx(k)
data for Er- and Yb-doped LSCA glasses, as well as for
Er2O3 used as a model compound. The Fourier transform
the k2-weightedx(k), extracted between 1.9 and 8.7 Å21,
are showed in Figs. 3 and 4. For the crystalline Er2O3 we
found, for the first shell, Er-O CN5(6.060.1), r 5(2.24
60.01) Å, and 2s25(0.01460.002) Å2. These results are
in agreement with those reported previously by EXAFS a
x-ray diffraction.15 Fixing the CN as 6 and performing th
measurement of the amplitude reduction factor from the d
measured on the known standard, we obtainedS0

25(0.98
60.01). For those analyses performed usingFEFF7, we used
this S0

2 for the Er edge fits, whereas for Yb edge fits we us
S0

251. These phase shifts are assumed to be transferab
the glass and are taken as constant in the analysis of the
data.

FIG. 1. ErbiumL III -edge EXAFSx(k) of Er-doped low-silica
calcium aluminate glasses. The reference Er2O3 data are also
shown.
3-2
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Figure 5~a! shows a comparison between the fitting p
formed intor space using the standard Er2O3 phase and am
plitude in relation to theFEFF7ones for the CAGER2. In both
cases, the fittings match well the experimental data. For
sample, we find, when usingFEFF7, CN5(6.560.5) oxygen
atoms, r 5(2.2460.02) Å, and 2s25(0.02660.004) Å2,
whereas using the Er2O3 phase and amplitudes, CN5(6.6
60.5) oxygen atoms, r 5(2.2460.01) Å, and 2s2

5(0.01360.003) Å2. In the case of Er edge fits, the expe
mentally derived phase factors intrinsically contain a Deb
Waller component to the level of 0.014 Å2, which is then
additive with that determined for the glass, whereas
FEFF7 phases are generally derived from a 2s250 model.
Figure 5~b! shows the Fourier transform of thek2-weighted
x(k) of the CAGYB5 sample, along with the theoretical
curve obtained using the Yb2O3 phase and amplitude calcu

FIG. 2. YtterbiumL III -edge EXAFSx(k) of the Yb-doped low-
silica calcium aluminate glasses.

FIG. 3. Fourier transform ofk2-weightedx(k) of the Er-doped
low-silica calcium aluminate glasses data, as well as the Er2O3

standard.
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lated byFEFF7. For this first shell, Yb-O, we find CN5(6.2
60.4) oxygen atoms, r 5(2.1960.01) Å, and 2s2

5(0.02460.006) Å2.
The average Er and Yb coordination environments de

mined in the present EXAFS investigation are summariz
in Table II. The measurement of uncertainties was ma
varying slightly the range around the FT first peak, in ord
to get the best-fit curve. In the case of CA glasses doped w
Er31, there is a decrease of the CN from 6.5~sample doped
with 0.2 mol % Er2O3) to 4.7~sample doped with 1.5 mol %
Er2O3), a change of about 28%; the radial distancer de-
creases from 2.4 to 2.1 Å and 2s2 decreases from 0.026 t
0.020 Å2, which is within the measurements error. The CN
the Yb31-doped samples decreases from 6.4~sample doped
with 0.2 mol % of Yb2O3) to 5.5 atoms~sample doped with
0.9 mol % of Yb2O3), a change of about 15%.

For the CAGYB4ER4 sample, doped with 0.4 mol %
Er2O3 and codoped with 0.4 mol % of Yb2O3, CN5(4.8
60.5) atoms, r 5(2.2360.02) Å, and 2s25(0.012
60.003) Å. The CN and 2s2 values are smaller than thos
of CAGER7, which has a higher Er2O3 content. On the other
hand,r is in the expected range. The same can be obse
for the samples CAGYB4ER4 and CAGYB4ER9, when t
measurements are performed in theL III Yb absorption edge,
where the Yb2O3 content is fixed at 0.4 mol %, whereas th
Er2O3 is increased from 0.4 to 0.9 mol %. However, CN a
2s2 varied from 5.7 to 6.2 atoms and 0.20 to 0.24 Å2, re-
spectively, showing a dependence on the Er2O3 content. For
both samples, the radial distance is 2.18 Å.

Figure 6 shows the correlation map, taking into acco
the variation of the coordination number CN and the Deb
Waller factor 2s2.

IV. DISCUSSION

Many works41–50 dealing with structure arrangement
calcium aluminate glasses are concerned with the Al en

FIG. 4. Fourier transform ofk2-weightedx(k) of the Yb-doped
low-silica calcium aluminate glasses data.
3-3
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FIG. 5. In ~a! is shown a com-
parison between the theoretica
fitting for the CAGER2 sample,
using the phase and amplitude o
the Er2O3 crystalline sample, and
those generated byFEFF7software.
In ~b! is shown for CAGYB5 the
Fourier transform along with the
theoretical signal corresponding t
its best-fit curve.
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ronment, which appears to be tetrahedrally coordinated.
surprising that, in spite of their optimized properties and u
usual structure, there are almost no investigations abou
environment of the impurities in these glasses.

Tanabe et al.51 investigated the local structure o
Eu31-doped calcium aluminate glasses by Mo¨ssbauer spec
troscopy. The isomer shift of151Eu is around 0.9 mm/s, in
dicating that the CN of rare-earth ions in CA glasses
around 7 atoms. Besides, they suggested a relatively
creased Eu-O bond length and CN of Eu31 in the host with a
large basicity. In the case of aluminosilicate glasses, the
was found to be between 9 and 12 atoms. In fact, our res
corroborate their assumption, since we have found the CN
6.5 atoms for those samples doped with 0.1 mol % of Er2O3
or Yb2O3. As discussed by Peterset al.,11 the rare-earth en
vironment is host-dependent, and they showed the CN ra
ing from 6.3 oxygen nearest-neighbor anions in the alumi
silicate glasses to 10 F in fluoride glasses. In the case of E31

TABLE II. Structural parameters~coordination number CN,
bond distancer, and Debye-Waller factor 2s2) obtained at the Er
and Yb L III edge of Er2O3 and Yb2O3-doped low-silica calcium
aluminate glasses.

Er-O
Sample CN r ~Å! 2s2 ~Å!

CAGER2 6.560.5 2.2460.02 0.02660.004
CAGER7 5.960.3 2.2260.01 0.02860.003
CAGER15 4.760.3 2.2160.01 0.02060.003
CAGER4YB4 4.860.5 2.2360.02 0.01260.003

Yb-O
CN r ~Å! 2s2 ~Å!

CAGYB2 6.460.6 2.1960.02 0.02660.004
CAGYB5 6.260.4 2.1960.01 0.02460.006
CAGYB9 5.560.4 2.2060.01 0.02060.003
CAGER4YB4 6.260.5 2.1860.02 0.02460.003
CAGER9YB4 5.760.5 2.1860.03 0.02060.005
10420
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TZN glasses,13 a decrease was found in the CN as the Er2O3
doping increased from 0.35 up to 1.76 mol %. In this dopi
range, the CN decreased from 7.6 to 6.8 atoms, whereas
2s2 decreased from 20 to 1731023 Å 2. These variations
are within the typical measurement errors of EXAFS. T
CN environments of Nd and Er in phosphate glasses,17 (1
2x)P2O5:xR2O3 (0.05<x<0.25), exhibit a decrease o
about 30%, from 8.3 to 6.3 atoms for Er-doped samples,
from 9.2 to 6.4 atoms for Nd-doped ones. In these glas
isolated eight-coordinated RE31 ions can exist for RE dop-
ing concentration<16.7 mol %; for greaterR2O3 contents,
isolated RE polyhedra can also exist only if the average
CN decreases. RE clusters are expected to be present in
glasses withR2O3 contents.25 mol %.

Brown et al.52 investigated the Yb environment in a seri
of Na2O-Al2O3-SiO2 glasses, and found that the Yb-O di
tance is 2.14 Å with a CN of;8 for albite glass
(NaAlSi3O8). In the case of depolymerized glass
(Na3.3AlSi7O17 and Na2Si3O7), the CN increased to;10
atoms andr is ;2.22 Å. If 2 wt % of fluoride is added to
albite glass,r increases to 2.21 Å with a CN of;12 atoms.

FIG. 6. Correlation map of coordination number and Deby
Waller factor for low-silica calcium aluminate glasses doped w
Er31 ~solid curves! and Yb31 ~dashed curves!.
3-4
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Our results for LSCA show that the CN decreases from
to 4.7 atoms as the RE content increases from 0.1 up to
mol %. These results show that the Yb environment
strongly dependent on the glass composition. The radial
tances Yb-O are smaller in relation to Er-O, 2.19 and 2.23
respectively. This variation can be explained assuming
lanthanide contraction.6

It is worth noting that the CN of our Er-doped LSC
glasses, in relation to Er-doped phosphate glasses inv
gated by Karabulutet al.,17 have a similar decrease of abo
25%. But instead of a large amount of RE content,;25
mol % added in their samples, the amount of rare earth in
LSCA glasses was<1.5 mol %. This suggests that the R
environment in LSCA glasses is much more susceptible
small variations in the glass composition than in phosph
glasses.

In recent works,26–28 we showed that low amounts,<1.5
mol %, of RE in LSCA glasses affect slightly the therm
optical, and mechanical properties, with variations<10%.
For this reason we speculate that the RE content is not t
oughly responsible for this variation, since the CA glas
have a prominent tendency toward devitrification. Althou
in our glass compositions we had a small amount of S2
and MgO to improve vitrification, we have noted, in th
beginning of our studies, that the addition of small amou
of RE oxide in the glass composition enhanced the tende
to crystallization. Only after some trials did we find that t
best way to obtain amorphous samples was replacing Al2O3
by RE oxide, which in turn led to a decrease in t
Al2O3 /CaO ratio of about 20%.

Previous structural studies43–46 of binary CA glasses pro
posed that their structure consists of a continuous networ
(AlO4)52 tetrahedra with Ca21 occupying the interstices in
the network providing charge compensation for the ne
tively charged aluminum/oxygen tetrahedra. As the CaO
added to the composition, nonbridging oxygens~NBO’s! are
formed. NBO’s are oxygen atoms which do not connect t
tetrahedral cations or network-forming atoms, such as S47

Since each oxygen acts as a bridge between two alumi
ions, the net charge on each bridged tetrahedron is21, so
that one calcium ion charge compensates two adjacent t
hedra. McMillan et al.44 suggested that the aluminum
oxygen tetrahedra become less regular as the CaO co
increases, so that the tetrahedra gradually become more
torted and convert to irregular fivefold and sixfold units.

For our LSCA glasses, the Al2O3 /CaO ratio was initially
0.463, sample CAGER2, which decreased to 0.386, sam
CAGER15. It follows that, according to the above statem
that extra NBO’s are formed, this induces a connectivity
crease in the glass network, leading to a decrease in the
transformation temperature (Tg).26 Considering this fact, we
can infer that the CN of our samples is affected by
Al2O3 /CaO ratio due to the formation of NBO’s, besides t
RE concentration. As we plot the CN as a function of R
concentration, Fig. 7~a!, and CN versus CaO/Al2O3 ratio,
Fig. 7~b!, we observe that the CN’s have a similar depe
dence with respect to RE concentration and CaO/Al2O3 ra-
tio. In both cases, the CN has a maximum value at lower
content and lower CaO/Al2O3 ratio, and the opposite for th
10420
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CN minimum. From a linear fit to CN versus RE content, w
obtained that the gradient of the line was approximat
21/4, and for the CN versus CaO/Al2O3 ratio it was ap-
proximately23/4, with a correlation factor 0.993 and 0.98
respectively.

The change in molar volume with RE substitution in al
minosilicate glasses follows the same trend of Ln2O3 crystals
having the same coordination state.53 Thus the structure of
the aluminosilicate glasses is not significantly changed
RE substitution, except for the size of the local structu
around Ln31 ions; that is, the RE ions create their own sit
within the glass structure.54 According to Volf,55 as we plot
the volume of oxygen atoms versus the concentration o
given oxide, in mole percent, and the resulting curve is p
allel to the ordinatex, all the atoms are situated in the inte
stices of the glass former. If this curve is ascending, it is
indication of the expansion of the glass network due to
entry of another element. In order to investigate the trend
this curve for doped RE LSCA glasses, we calculated
volume of oxygen atoms given usingV5(ximi /r(xini ,
wheremi is the molar weight of thei th oxide,r is the den-
sity, xi is the molar fraction of thei th oxide, andni is the
molar number of oxygen atoms per mole of the oxide. T
results are shown in Table III and are plotted in Fig. 7~c!.
The resulting curve is ascending, with a correlation fac
0.967, which is an indication that the RE ions have difficu

FIG. 7. ~a! Coordination number as a function of rare-earth do
ing concentration;~b! CN as a function of the CaO/Al2O3 ratio; ~c!
oxygen volume as a function of the RE concentration.
3-5
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J. A. SAMPAIO AND S. GAMA PHYSICAL REVIEW B69, 104203 ~2004!
residing on tetrahedral sites in the glass structure, and
firms their tendency to occupy octahedral sites. Hence,
bonds between the rare-earth ions and the surrounding
gen atoms represent the weakest links in the glass struc
This assumption agrees with our previous result of a
crease of thermal and mechanical properties with an incre
of RE concentration.26

In an earlier study53 it was suggested that when a RE io
is placed into a rigid network of single structural units su
as the SiO4 tetrahedron, it cannot coordinate a sufficie
number of NBO’s and is in a higher enthalpy state, so tha
forms a cluster with other ions of the same kind, in order
share the few oxygen atoms available. The difficulty for ra
earth ions to take CN’s less than 8 in complex oxides is
to a large ionic radius ratio (r Ln /r 0) ~.0.732! and to a strong
ionicity of Ln-O bonds~>70%!. For this reason, the role o
rare-earth ions in oxide glasses is considered as a netw
modifier.

Recently28,56 it has been shown that Ca21 presence in the
CA glasses stiffens the glass in its resistance to compres
and the bulk modulusK is approximately twice that of SiO2 .
For this reason we could speculate that there would b
formation of RE clusters in our LSCA glasses; however,
fitting of higher shells could not be obtained precisely
order to determine the formation of RE clusters. Nevert
less, in a recent work of Er-Yb codoped aluminate glasse31

de Souzaet al. showed that the critical radius of interactio

*Corresponding author. Electronic addres
jsampaio@ifi.unicamp.br
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for Yb31→Er31 is 8.37 Å, and for Er31→Yb31 it is 4.71 Å,
whose energy transfer for the Yb31→Er31 process is 2.6
times greater than that of the Er31→Yb31. Measurements of
the fluorescence lifetime,t f , and nonradiative decay rate
tNR

21, as a function of Er31 concentration for similar CA glass
composition57 show thatt f and tNR

21 decrease quadratically
which is attributed to the energy transfer due to electr
dipole interaction, suggesting that clusters of Er-Er are
present in these glasses.

Finally, in order to analyze statistically the variation ofN
and 2s2, considering the local structure of Er31 in multi-
component glasses, Peter and Walter9 proposed the creation
of a correlation map taking into account the coordinati
number and the Debye-Waller factor, since during the fitt
we can vary both simultaneously without damage to the
quality. Their results show that the Er31 environment is host-
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V. CONCLUSIONS
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Al2O3 /CaO ratio increase. For this reason, the RE ions c
ate their own sites due to a difficulty in coordinating the
NBO’s.
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