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The shape of theg resonance absorption peak of the Eu31 ion in a disordered structure was investigated in
some phosphate, borate, and silicate glasses by using151Eu Mössbauer spectroscopy. The quality of the fits was
tested by using the Durbin-Watsond statistics. The observed full width at half maximum of the peak was
resolved in a contribution of the broadening and a contribution of the quadrupole splitting, due to the distortion
of the Eu site compared to a cubic symmetry. The Eu-O bond was found to have a covalent admixture with 6s
character. The axial component of the electric-field gradient at the Eu site was found to be correlated with the
optical basicity of the glass.

I. INTRODUCTION

Glass materials containing rare-earth ions exhibit interest-
ing technological applications for the production of optical
devices, for example, laser glasses, fiber amplifiers, and up-
conversion materials.151Eu Mössbauer spectroscopy repre-
sents a useful and sensitive tool to investigate the local struc-
ture around rare-earth ions in europium-containing glasses.

Some measurements on trivalent Eu in oxide glasses
found absorption lines broader than that expected for Eu31

in a site with cubic symmetry.1–4 The separation of the con-
tribution of the broadening to the observed peak width from
the contribution of the unresolved quadrupole splitting is an
open question in glasses containing Eu31. This problem has
been treated for Eu21 in amorphous EuFe2Si2 , where the
full width at half maximum~FWHM! of the absorption peak
is around 7 mm/s;5 the authors fitted the absorption peak
using a convolution of Lorentzian multiplets, corresponding
to a distribution of the quadrupole interaction~QI! parameter
or to a distribution of the asymmetry parameter.

The aim of this work is to determine the size of the quad-
rupole interaction in glasses containing trivalent europium.
The hyperfine parameters will be discussed in terms of elec-
tronic properties and bonding of the lanthanide ion. We stud-
ied the absorption spectra of Eu31 in some phosphate, bo-
rate, and silicate glasses.

II. EXPERIMENTAL DETAILS

A strontium metaphosphate glass of composition
0.1Eu~PO3)3•0.9Sr~PO3)2 ~labeled ESPO! was prepared by
mixing appropriate quantities of SrCO3, ~NH4)2HPO4
~both Carlo Erba RPE!, and Eu2O3 ~Aldrich 99.99%!
in a sintered alumina crucible and melting the batch for 2 h
at 1250 °C. The melt was cast in a brass mold and the
obtained glass was annealed for 12 h at 450 °C. Glasses
of compositions 0.1Eu~PO3)3•0.9Zn~PO3)2 ~EZPO! and
0.1Eu~PO3)3•0.9Pb~PO3)2 ~EPPO! were prepared as de-
scribed elsewhere.6 A zinc borate glass of composition

4ZnO• 3B2O3 doped with 2.5 mol % of Eu31 ~substituting
for Zn21) ~EZBO! was prepared by mixing appropriate
quantities of ZnO, H3BO3 ~both Carlo Erba RPE!, and
Eu2O3 in a platinum crucible and melting the batch at
1250 °C for 4 h. The melt was cast in a brass mold and the
obtained glass was annealed for 12 h at 500 °C. A gel-
derived monolithic silica glass nominally doped with 1%
mol Eu31 ~ESO! was prepared following the procedure de-
scribed by Campostriniet al.7 The sample was heated for 48
h at 180 °C and left aging for 1 year. Finally, a multicompo-
nent aluminosilicate glass of composition~by weight! SiO2

559%, MgO58%, Al2O3514%, SrO510%, Li2O52%, Eu

2O354.5%, Cs2O51.5%, ZnO51% ~ESMASO! was pre-
pared following the procedure described for a scintillating
glass for x-ray detection having the same composition, but in
which Ce2O3 replaces Eu2O3.

8,9

The Mössbauer absorption spectra were obtained in a
standard transmission geometry, using a source of151SmF3
with activity 3.7 GBq. A calibration was performed using a
source of57Co in rhodium and a natural iron foil as absorber.
The FWHM of our 151Sm source was measured on
Cs2NaEuCl6 , which contains Eu31 in a cubic site;10 the
FWHM measured with an absorber of effective thickness
t51 is 1.76~1! mm/s ~error is given in parentheses!. The
effective thicknesses are approximately calculated using the
recoiless fraction of the sourcef50.6; t51 corresponds to a
surface density of europium equal to 3.8 mg/cm2. The iso-
mer shift ~IS! of the source was measured using anhydrous
EuF3; the values of isomer shift are referred to the fluoride.

The measurements on the oxide glasses were carried out
at room temperature on powder samples with effective thick-
nesst51, except for the glasses EPPO and ESO. The thick-
ness was 0.5 for EPPO in order to optimize the signal-to-
noise ratio, and 0.1 for ESO because of the small quantity of
sample available. The absorbers were contained in a Plexi-
glas holder. In our experimental conditions, we can use the
thin absorber approximation in the analysis of the experi-
mental data.11,12
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The absorption spectra were tentatively analyzed by fit-
ting the data using a single Lorentzian line shape, but the
quality of the fit was very poor in various samples. These
trial fits showed that it was necessary to fit the absorption
spectra allowing for the quadrupole interaction; we used the
method for the analysis of pure quadrupole spectra proposed
by Shenoy and Dunlap,13 with a value of the quadrupole
ratio R51.312.14

It is of great importance to test the correctness of the
fitting procedure; the use of a quadrupole multiplet of 12
lines with Lorentzian shape, corresponding to the 12 allowed
transitions, is fully justified in crystalline materials in the
thin absorber approximation.12 In Eu31-containing glasses it
must be verified if it is possible to use a single quadrupole
multiplet or a convolution of quadrupole multiplets.5,15

The quality of the fits was tested using the usualx2 test
and a weighted form of the Durbin-Watsond statistics,
which was used in the Rietveld analysis of powder diffrac-
tion data.16 The d value quantifies the serial correlation be-
tween adjacent least-squares residuals and is defined as

d5
( i52
N @~D i /s i !2~D i21 /s i21!#

2

( i51
N ~D i /s i !

2 , ~1!

whereN is the number of experimental data,D i is the i th
residual, ands i indicates the standard deviation. It is useful
to testd against the parameterQd , defined as

Qd52@~N21!/~N2P!23.0902/~N12!1/2#, ~2!

whereP is the number of least-squares parameters. If con-
secutive residuals are insignificantly correlated,d has a value
nearer to 2 thanQd .

III. RESULTS

In the absorption spectrum of the strontium metaphos-
phate glass the maximum resonant absorption, relative to the
background, is 2.6% and the standard deviation of the data is
0.035%. Figure 1~a! shows the experimental data and a trial
fit by a single Lorentzian line; Fig. 1~b! reports the difference
between the experimental and the calculated data. The pres-
ence of structure in the plot of the difference clearly indicates
that our spectrum deviates strongly from a single Lorentzian
line shape. This visual evidence is confirmed by the param-
eters of the fit reported in Table I, withx252.58, d50.75,
andQd51.64; if d,Qd,2, successive values of the residu-
als tend to have the same sign, indicating a systematic devia-
tion of the experimental data from the fitting curve.

The data were then tentatively fitted allowing for the qua-
drupolar interaction parameter (e2QVzz), but with the asym-
metry parameter (h) fixed equal to zero; Fig. 2~a! shows this
fit while Fig. 2~b! is the plot of the residuals. This fit is better
than that reported in Fig. 1~a!, but does not reproduce well
the experimental data; the residuals have serial positive cor-
relation, as can be seen from Fig. 2~b! and from thed and
Qd values reported in Table I.

The experimental spectrum was then satisfactorily fitted
allowing for the complete quadrupolar interaction with a free
asymmetry parameter; in this procedure all the parameters
reported in Table II and the background were full free pa-

rameters of the fit, without any constraint. The resulting cal-
culated curve is shown in Fig. 3~a!; the residuals are shown
in Fig. 3~b!. The lack of structure in the plot of the residuals
demonstrates that this is the correct peak shape; the values of
the control parameters reported in Table I confirm that this fit
is fully satisfactory.

All the physical parameters resulting from this last fit are
physically acceptable; the value ofh lies between 0 and 1.
The value of the FWHM of the Lorentzian component of the
multiplet is 1.88 mm/s and is larger than the value of the
FWHM measured in trivalent Eu in a cubic site.

Therefore the full width at half maximum of the absorp-

FIG. 1. ~a! Absorption spectrum of the sample ESPO: The ex-
perimental data~dots! and the fit by a single Lorentzian curve~solid
line! are shown.~b! Difference between experimental and calcu-
lated data.

TABLE I. Control parameters relative to different fits. Fit 1, one
Lorentzian curve; fit 2, quadrupole multiplet with asymmetry pa-
rameter equal to zero; fit 3, quadrupole multiplet with free param-
eters.d andQd are the Durbin-Watson parameter;x2 is the chi-
squared parameter.

Sample Fit d Qd x2

ESPO 1 0.8 1.6 2.6
2 1.1 1.6 1.7
3 1.7 1.7 1.1

EZPO 1 0.8 1.6 2.5
2 1.2 1.6 1.7
3 1.8 1.7 1.1

EZBO 1 1.0 1.6 2.2
2 1.3 1.6 1.6
3 1.8 1.7 1.1

ESMASO 1 0.5 1.6 4.6
2 0.8 1.6 3.0
3 1.7 1.7 1.4
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tion peak (gp52.67 mm/s! can be interpreted: It is the result
of the unresolved quadrupole interaction with
e2QVzz526.1 mm/s and of the width of the Lorentzian
component.

The use of a single quadrupole multiplet of Lorentzian
components is based on fundamental arguments, because
each transition corresponds to a Lorentzian absorption line in
the thin absorber approximation.11,12 The use of a convolu-
tion of quadrupole multiplets is justified only if a fit with a
single multiplet shows a departure from the Lorentzian
shape, because of the structural disorder of the glass;15,17this
departure was not found in our glasses.

The absorption spectra of the other glasses are shown in
Fig. 4, Fig. 5, and Fig. 6; the best fits are also shown for each
sample. The parameters obtained by the fitting procedure are
reported in Table II.

The spectra of the glasses EZPO, EZBO, and ESMASO
are fitted satisfactorily only by accounting for the quadrupo-
lar interaction with asymmetry parameterhÞ0; the quality

of the trial fits was tested by the control parameters reported
in Table I. It was not possible to resolve the quadrupole
interaction in the glasses EPPO and ESO, beacause of the
magnitude of the quadrupole splitting and of the signal-to-
noise ratio.

The spectrum of the glass EPPO can be well fitted by a
single Lorentzian line; the analysis allowing for the quadru-
polar interaction does not improve significantly the fit. The
peak width (gp52.26 mm/s! is the smallest of all of the
samples, also accounting for the thickness broadening.18 This
peak width indicates that the quadrupole splitting corre-
sponds toue2QVzzu less than 5 mm/s; this fact does not allow
us to resolve the structure of the peak.

The spectrum of the glass ESO is rather noisy because of
the small quantity of sample available. The fit by a single
Lorentzian line is good; the FWHM of the absorption peak is
compatible with a size of the quadrupolar interaction in the
range found for the other samples.

FIG. 2. ~a! Absorption spectrum of the sample ESPO: The ex-
perimental data~dots! and the fit by a quadrupole multiplet with
asymmetry parameter equal to zero~solid line! are shown.~b! Dif-
ference between experimental and calculated data.

TABLE II. Parameters obtained by fitting.d is the isomer shift with respect to EuF3 , gp is the FWHM of
the absorption peak,G is the FWHM of the Lorentzian components,e2QVzz is the quadrupole interaction
parameter,h is the asymmetry parameter, andd, Qd , and x2 are the Durbin-Watson and chi-squared
parameters. Errors are given in parentheses.

Sample d ~mm/s! gp ~mm/s! G ~mm/s! e2QVzz ~mm/s! h d Qd x2

ESPO 0.36~2! 2.67~2! 1.88~2! 26.1(1) 0.80~5! 1.7 1.7 1.1
EZPO 0.37~2! 2.48~2! 1.83~2! 25.3(1) 0.83~6! 1.8 1.7 1.1
EPPO 0.29~2! 2.26~5! 1.8 1.6 1.1
EZBO 0.45~2! 2.76~2! 1.85~5! 26.6(1) 0.83~6! 1.8 1.7 1.1
ESO 0.44~7! 2.4~2! 2.0 1.6 0.9
ESMASO 0.55~2! 3.11~2! 1.96~2! 27.8(1) 0.81~3! 1.7 1.7 1.4

FIG. 3. ~a! Absorption spectrum of the sample ESPO: The ex-
perimental data~dots! and the fit with all free parameters~solid
line! are shown.~b! Difference between experimental and calcu-
lated data.
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IV. DISCUSSION

All of the spectra show only one resonance peak with
values of the isomer shift between 0.29 and 0.56 mm/s, cor-
responding to an oxidation number13; there is no detectable
presence of Eu21.

The phosphate glasses show the smallest values of isomer
shift. The IS of most nonconducting compounds in the triva-
lent charge state deviates from the shift of the fluoride to-
wards a higher electron density at the nucleus;19 this applies
also to the present oxide glasses. This fact is a consequence

of covalent admixtures to the bond, since the fluoride com-
pound is considered to be the most ionic species.19

The electron density of Eu31 at the nucleus, and therefore
the isomer shift, increases by adding 6s electrons, while it
decreases by adding 4f or 5d electrons, because of the
screening. It is possible to estimate the charge transfer to the
Eu31 ion by using the optical basicity (L) concept proposed
by Duffy and Ingram,20,21 which measures the electron do-
nation by the oxygen anions. It is defined as

L5(
i51

n
zi r i
2g i

, ~3!

wherezi is the oxidation number of thei th cation,g i is its
basicity moderating parameter,r i is the atomic ratio of the
i th cation and of the oxygen, and the sum is extended over
the numbern of cation species.

Figure 7~a! shows the isomer shift of the oxide glasses
versus the optical basicity, calculated using the parameters
given by Duffy and Ingram;20–22 the IS increases along with
the optical basicity. This result agrees with the correlation
found by Tanabeet al. in silicate and aluminate glasses.2

Since the optical basicity measures the electron donation by
the oxygen anions to the metal ion used as probe, i.e., the
europium, the correlation that we found indicates that the
charge transferred to the Eu31 ion occupies mainly 6s orbit-
als. This result indicates that the phosphates have the small-
est charge in the 6s orbitals in comparison with the other
oxide glasses.

FIG. 4. Absorption spectra of the samples EZPO~a! and EPPO
~b!: The experimental data~dots! and the fit~solid line! are shown.

FIG. 5. Absorption spectrum of the samples EZBO: The experi-
mental data~dots! and the fit~solid line! are shown.

FIG. 6. Absorption spectra of the samples ESO~a! and ES-
MASO ~b!: The experimental data~dots! and the fit~solid line! are
shown.
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The QI parameter is expressed ase2QVzz, wheree is the
proton charge,Q is the quadrupole moment of the nucleus,
andVzz is the axial component of the electric field gradient
~EFG!; Vzz is given by the relation

Vzz5Vzz
latt1Vzz

val , ~4!

whereVzz
latt is the lattice contribution andVzz

val is the valence
contribution. In Eu31, Vzz

val is due to a second-order 4f
contribution;23 in a large class of crystalline oxides, it is posi-
tive and equal, in absolute value, to about halfVzz

latt , which is
negative.23,24Therefore the QI parameter is usually negative
in the trivalent europium oxides; in particular values ranging
from 25 to 28 mm/s are reported for most of the
compounds.23–25 In these cases values of the asymmetry pa-
rameter of around 0.8 are frequently found.24,25

In the oxides glasses studied here, the values of the pa-
rametere2QVzz are negative and similar to those found in
crystals; this fact suggests that the relative contribution of the
two components toVzz is not very different from that found
in crystals.

A nonzero QI parameter indicates that there is a deviation
of the Eu sites from the cubic symmetry; therefore it is re-
lated to the distortion of the sites. Moreover, the fact that the
asymmetry parameter is different from zero indicates that
there is no fourfold or threefold axis of simmetry passing
through the Mo¨ssbauer nucleus.

Figure 7~b! shows that the QI parameter increases, in ab-
solute value, along with the optical basicity; this correlation
is confirmed in the case of lead phosphate glass, for which
ue2QVzzu is estimated to be less than 5 mm/s. This empirical

correlation can be due to an influence of a different degree of
covalency of the Eu-O bond on the axial component of the
EFG; it is consistent with the observation of an increase of
Vzzon decreasing the minimum Eu-O distance in an isostruc-
tural series of oxides~pyrochlores!.23

In the metaphosphate glasses the structure consists of long
chains of PO4 tetrahedra; in particular, the metal cations act
as network modifiers linking complex phosphate chain and
ring structures.26 In a study of the optical spectroscopy of the
metaphosphate glasses Ba~PO3)2 , Pb~PO3)2 , and
Zn~PO3)2 doped with 2.5 mol % of Eu~PO3)3 , the crystal
field parameters~in C2v symmetry! were obtained for the
Eu31 sites from the site-selective5D0→ 7FJ luminescence
spectra at 77 K.6 A comparison of the results for the different
glasses showed that the magnitude of the crystal field param-
eter B20, which is related to the QI parameter,23,27,28 was
smaller for lead metaphosphate than for the other glasses.
Moreover, in the same study the asymmetry ratiosAR, re-
flecting the average distortion of the Eu31 sites,29 were ob-
tained from

AR5
I ~5D0→7F2!

I ~5D0→7F1!
, ~5!

where I are the integrated intensities of the5D0→7F2 and
the 5D0→7F1 inhomogeneous emission bands. The lowest
value of the asymmetry ratioAR was found for lead meta-
phosphate glass, indicating that in this glass the Eu31 sites
are on average less distorted than in the other metaphos-
phates.

The behavior of theB20 parameter could not be explained
on the basis of the size of the modifier cations, and was
attributed to the strong and directional nature of the Pb-O
bond, which effectively reduces the crystal field at the dop-
ing ions, as already proposed for Nd31-doped lead phos-
phate glasses.30 In the metaphosphate glasses considered in
this study, the smallest value of the QI parameter was found
for the glass EPPO; this observation qualitatively agrees with
the results obtained from luminescence spectroscopy. The
present results confirm that the presence of the Pb21 ion as a
network modifier strongly influences the properties of the
Eu-O bond and the crystal field at the lanthanide sites in
oxide glasses.

In the glasses ESPO, EZPO, EZBO, and ESMASO, it is
possible to evaluate the true broadening of the Lorentzian
component of the multiplets. This broadening results from
local inhomogeneities of the hyperfine fields;31 these can be
due to stoichiometric inhomogeneities, impurities, and de-
fects, also found in crystals,32 or to the disordered structure
of the glass.15,17,33The FWHM measured in our glasses must
be compared with the FWHM measured in crystalline triva-
lent cubic Eu~in Cs2NaEuCl6) with the same effective ab-
sorber thickness (t51); the broadening ranges from 0.07
mm/s in the glass EZPO to 0.20 mm/s in the glass ESMASO.

The values of the width of the Lorentzian components are
not directly comparable with that reported for Eu31 in crys-
tal oxides24 because of the different linewidths of the various
151SmF3 sources25 and of the different absorber thickness
used.18 Nevertheless, the broadenings we found are not very
different from those found in crystals; this fact indicates that

FIG. 7. ~a! Isomer shift versus calculated optical basicity.~b!
Quadrupole interaction parameter versus calculated optical basicity.

53 6201HYPERFINE INTERACTIONS AT EUROPIUM SITES IN . . .



the disorder of the glass structure does not have a dramatic
effect on the width in glasses containing Eu31. This obser-
vation agrees with the results found by Coeyet al.34 in fluo-
rozirconate glasses, where the FWHM of the absorption peak
of Eu31, which includes an unresolved quadrupole splitting,
was found to be 2.10 mm/s.

V. CONCLUSIONS

In the oxide glasses we examined, the europium atom was
found to have oxidation number13. The bond is ionic with
a small covalent admixture with 6s character.

The FWHM of the absorption peak results from the quad-
rupole interaction and from the broadening due to inhomo-
geneities of the hyperfine fields; these contributions are sepa-
rated in most of the samples.

In the glasses ESPO, EZPO, EZBO, and ESMASO the
europium ion is accommodated in sites distorted with respect

to a cubic symmetry, with no threefold or fourfold simmetry
axis. In the glasses EPPO and ESO the structure of the spec-
tra is not resolved but the FWHM of the absorption peak is
compatible with a distortion of the sites.

The broadening of the Lorentzian component of the peak
is at maximum equal to 10% of the width. The axial compo-
nent of the EFG was found to be correlated with the optical
basicity of the glass.
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