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A borosilicate glass of molar composition 0.01Eu2O3•0.99~25Na2O•50B2O3•25SiO2! has been studied
through the optical spectroscopy of the Eu31 ion. Absorption and excitation spectra, fluorescence line narrow-
ing, and time-resolved spectroscopy show that the impurity ions are accommodated in two different site
distributions, one related to a silicate environment, and the other one related to a borate environment. These
results have been corroborated by crystal-field calculations and comparison with the crystal-field parameters
for the Eu31 ion in silicate and borate glasses. The presence of phonon sidebands indicates strong coupling
with high-frequency Si-O and B-O stretching vibrational modes.

I. INTRODUCTION

Borosilicate glasses have found many technological appli-
cations ranging among others, from shock resistant labora-
tory glasses, to optical glasses and to dumps for nuclear
waste materials.1,2 The properties of the glasses depend on
their internal structure, which is governed by competitive
network formation of the various borate and silicate struc-
tural groupings. For ternary sodium borosilicate glasses two
compositional parametersR5Na2O/B2O3 andK5SiO2/B2O3
are useful to describe the network modification as a function
of composition. The most detailed information about the
structure comes from wideline11B NMR data. ForR,0.5, a
model developed by Bray and co-workers,3–5 suggests that in
this low sodium content range all boron is either coordinated
by three oxygens~trigonal BO3 units! or by four oxygens
~tetrahedral BO4

2 units!. The sodium charges compensate tet-
rahedral boron sites. The maximum sodium content, which
can be accommodated in the borate phase, is assumed to
correspond to the diborate composition, which is reached at
R50.5. In this regime the sodium borate and silicate portions
of the glass do not mix. This aspect is supported by the
tendency of these glasses to phase separation. However, Ra-
man and recent NMR investigations6,7 indicate that small
amounts of sodium are also incorporated in the silicate net-
work starting at aboutR50.30, leading to the formation of
nonbridging oxygens in the silicate portion of the glass. This
behavior is also confirmed by measurements of the phonon
sidebands of Eu31-doped sodium borosilicate glasses in this
compositional range.8

At R>0.5, according to Brayet al., the excess of sodium
enters the silicate network under formation of nonbridging
oxygens and, at the same time, BO4

2 units are incorporated
into the silicate network. These two species are accommo-
dated on different network sites.7

The composition of the sample used for the present inves-
tigation hasR50.5 andK50.5 and therefore lies at the bor-
der of the two regimes. It is interesting to confirm the model
outlined above using laser-excited optical spectroscopy of
the probe ion Eu31.

Laser-excited site-selective spectroscopy, commonly
called fluorescence-line narrowing~FLN!, has been demon-
strated to be an extremely useful technique for the study of
structural inhomogeneities in glasses.9–11The majority of in-
vestigations has been carried out with Eu31 as a structural
probe because of its unique energy level structure12–21 and
the singlet to singlet nature of the5D0→7F0 transition.
While most of the FLN investigations have been performed
on Eu31 ions in single phase media the usefulness of this
technique for multiphase materials and glass ceramics has
also been shown.22–27

In the present investigation the FLN signal was recorded
nonresonantly with the laser beam. The observed changes of
the emission spectra as a function of the excitation wave-
length are discussed in terms of the local environment of the
Eu31 ions in the sample, using elementary crystal-field
theory. Further information on the energy-level structure of
Eu31 in the host glass was obtained by FLN after excitation
into the5D1 state. The results of the FLN experiments were
complemented by excitation spectra in the7F0→5D0 and the
F0→5D1 regions including the phonon sideband structure of
the5D0→7F0 transition. To the best of our knowledge the
present investigation is the only work on FLN in Eu31 doped
sodium borosilicate glasses with the exception of an older
work by Alimov et al.13 in which energy migration as a func-
tion of the Eu31 concentration is discussed.

II. EXPERIMENTAL

Glasses with the molar composition
0.01Eu2O3•0.99~25Na2O•50B2O3•25SiO2! were prepared by
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melting appropriate amounts of analytical grade H3BO3,
Na2CO3, SiO2, and Eu2O3 ~99.999%! at 1350 °C in platinum
crucibles under air. Samples were obtained by quenching the
melt on steel plates or by pouring the melt into a graphite
mould. For the optical measurements the sample surfaces
were ground and polished.

The composition given above corresponds to the batch
composition. Possible small changes caused by vaporization
during melting are neglected. All experiments were carried
out on quenched samples without annealing in order to make
comparisons possible with NMR measurements, which are
usually performed on quenched samples.3,5

Absorption spectra in the visible range were obtained us-
ing a double monochromator absorption spectrophotometer
with f50.25 m. 100 spectra of the sample were accumu-
lated and in this way the weak features in the Eu31 absorp-
tion spectra could be accurately obtained. Low-resolution lu-
minescence spectra in the UV-VIS region were measured at
room temperature using a spectrofluorimeter with spectral
bandwidths of 1.5 nm.

A dye laser pumped by an excimer laser was used to
collect high-resolution emission and excitation spectra. The
laser had a typical linewidth of 0.3 cm21 full width at half
maximum ~FWHM!. The luminescence signal was moni-
tored with a double monochromator in the photon counting
mode. The time-resolved signal was measured at different
delay times with respect to the excitation pulse and with
different temporal windows.

Emission decays were measured with a multichannel
analyser with a dwell time of 5.12ms. Low-temperature
measurements were carried out at 13–20 K using helium
cryostats.

III. RESULTS

A. Absorption spectra

The absorption spectra of Eu31 in the
0.25Na2O•0.50B2O3 •0.25SiO2 glass recorded at 300 and 20
K are shown in Figs. 1~a! and 1~b!. Because of the close
proximity of both the7F1 ~about 200 cm21! and7F2 ~about
1000 cm21! states to the ground state7F0, the room-

temperature spectrum contains also transitions starting from
these excited states. The corresponding ‘‘hot bands’’ are ab-
sent in the low-temperature spectrum. The individual transi-
tions are labeled byJ-J8, theJ values of the initial7FJ and
the final 2S11LJ state. Transitions starting from7F2 are too
weak to be seen on the condensed scale of Fig. 1~a!. The
7F0→5D0 transition of Eu31 is forbidden by electric dipole
and magnetic dipole mechanisms. Consequently, it consti-
tutes one of the weakest features in the spectrum. Its inten-
sity is about three times smaller than the intensity of the
7F0→5D1 transition which is magnetic dipole allowed. The
7F0→5D0 absorption band at 20 K has a maximum at
17 288 cm21 and an inhomogeneous width of 110 cm21, to
compare with the width range 92–111 cm21 for the same
transition in sodium borate glasses and 69–96 cm21 in so-
dium silicate glasses.28

The Russell-Saunders assignments and the band positions
are given in Table I together with the oscillator strengths for
those transitions which were used for a Judd-Ofelt analysis.
The Judd-Ofelt intensity parametersVl ~l52,4,6! were ob-
tained in the usual way19 from the room-temperature absorp-
tion spectrum and are found to beV2512.9310220 cm2,
V455.9310220 cm2, and V652.7310220 cm2. It is well
known, that intensity parameters calculated from the oscilla-
tor strengths of Eu31 containing samples are not very reli-
able. However, the present Judd-Ofelt parameters are in the
range commonly observed for oxide glasses.19,29–32

FIG. 1. Absorption spectra of Eu31 in the
25Na2O•50B2O3•25SiO2 glass recorded at 300 K~a! and at 20 K
~b!. Transitions7FJ→2S11LJ8 are labeled byJ-J8.

TABLE I. Russell-Saunders assignments of the optical transi-
tions in the absorption spectrum of Eu31 in the
25Na2O•50B2O3•25SiO2 glass, positions of the barycenters in wave
numbers and oscillator strengths of some transitions. Oscillator
strengths labeled witha, b, andc were used for evaluatingV2, V4,
andV6, respectively.

J2J8 in
Fig. 1

2S11LJ assignment Barycenter~cm21! Oscillator
strength

7F2→5D0 16 352
1-0 7F1→5D0 16 913
0-0 7F0→5D0 17 288

7F2→5D1 18 094
1-1 7F1→5D1 18 656 3.031027 a

0-1 7F0→5D1 19 007
7F2→5D2 20 567

1-2 7F1→5D2 21 190
0-2 7F0→5D2 21 539 3.431027 a

7F2→5D3 23 435
1-3 7F1→5D3 24 163
0-3 7F0→5D3 24 417
1-6 7F1→5L6 25 050
0-6 7F0→5L6 25 401 15.531027 c

0-2 7F0→5G2 26 132
0-4 7F0→5G4 26 337
0-6 7F0→5G6 26 581
0-8 7F0→5L8 27 380
1-4 7F1→5D4 27 380
0-4 7F0→5D4 27 594 2.631027 b

0-4 7F0→5H4 31 353
0-6 7F0→5H6 31 662
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B. Non-site-selective emission

The room-temperature low-resolution luminescence spec-
trum of the glass in the 13 500–17 500 cm21 range obtained
after broadband excitation at 394 nm in the5L6 state is
shown in Fig. 2. Only emission from the5D0 to the final

7FJ
~J50–4! states is observed. The electric and magnetic dipole
forbidden 5D0→7F0 transition is centered at 17 290 cm21

and has a FWHM of approximately 120 cm21. The magnetic
dipole transition5D0→7F1 is present in the region 17 200–
16 560 cm21. The Stark splitting is not well resolved. The
lowest energy Stark component is situated at 16 750 cm21,
while the other components strongly overlap. The most in-
tense emission is centered at 16 314 cm21 and corresponds to
the 5D0→7F2 electric dipole transition. The band is com-
pletely unresolved with an FWHM of about 300 cm21. The
weak and broad transitions centered at about 15 300 and
14 360 cm21 correspond to the transitions5D0→7F3 and
5D0→7F4 , respectively.

The ratio of the intensities of the5D0→7F2 and the
5D0→7F1 transitions gives a measure of the degree of dis-
tortion from inversion symmetry of the local environment of
the Eu31 ion in glasses. In fact, the5D0→7F1 transition is
magnetic dipole allowed and its strength is not strongly site
dependent, whilst the5D0→7F2 transition is forbidden and
becomes electric dipole allowed in odd field. The present
value of 3.3 lies well within the range of values usually
found in oxide glasses, indicating that the Eu31 ions occupy
low-symmetry sites.33 The position and FWHM of the
5D0→7F0 transition is unchanged compared with the ab-
sorption spectrum, which indicates that energy-transfer pro-
cesses involving Eu31 ions are not important in the glass
under investigation.

C. Emission after selective5D0 excitation

Emission was obtained after excitation at different ener-
gies inside the absorption profile of the7F0→5D0 transition.
The 5D0→7F1 transition is clearly structured due to the
Stark splitting of the terminal state, whereas the5D0→7F2
transition is not well resolved. Brecher and Riseberg12 in
their classical paper on FLN of Eu31 in a sodium barium
zinc silicate glass were able to fit five components into the
observed5D0→7F2 profile. We did not adopt this procedure
for our glass. It will become evident from the discussion of
the5D0→7F1 transition that the Eu

31 ions are located in two
major types of sites each having a7F1 state split into three
components. The7F2 state will be split into five components
in each site distribution and, therefore, the observed
5D0→7F2 profile is a convolution of at least ten transitions
between Stark levels, which makes any fitting procedure
quite unreliable. For the following discussion only the tran-
sitions to the7F1 Stark levels are considered.

Figure 3 shows the time-resolved site-selective emission
spectra of the5D0→7F1 transition at 13 K as a function of
the excitation energy which is indicated at the right side of
each trace. All spectra reproduced in the figures were col-
lected with a delay of 50ms delay and an acquisition time of
5 ms after the laser pulse.

FIG. 2. Room-temperature low-resolution luminescence spec-
trum of Eu31 in the 25Na2O•50B2O3•25SiO2 glass in the
5D0→7FJ ~J50–4! region obtained after broadband excitation at
394 nm.

FIG. 3. 5D0→7F1 emission spectra of Eu31

in the 25Na2O•50B2O3•25SiO2 glass recorded at
13 K with a 50ms delay and 5 ms gate as a
function of the excitation energy. The excitation
energy is indicated by the arrow and the wave
number.
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Changes in the positions and shapes of the Stark levels in
Fig. 3 are clearly seen. The band corresponding to the tran-
sition terminating on the lowest component of the7F1 state is
narrower than the other ones and its position more sensitive
to the excitation wavelength. It is evident that for nearly all
spectra at least five components can be easily identified. In
principle, there are two explanations for the appearance of
more than the three lines expected in a FLN experiment for a
5D0→7F1 transition of Eu

31. One is phonon-assisted energy
transfer to lower energy sites,13,18 the other is the existence
of Eu31 in two different environments21,22,25 in the glass
host. The presence of energy transfer was checked by mea-
suring decay curves of the emitting state and time-resolved
spectra. After excitation at 17 300 cm21 ~inside the
5D0→7F0 transition! decay curves were recorded at 123 and
18 K monitoring at 16 225 cm21 ~inside the5D0→7F2 tran-
sition!. The decay curves are nearly single exponential with
decay times of 1.84 ms both at 123 and 18 K.

Furthermore, other FLN spectra were recorded with delay
times of 30 and 700ms after the excitation pulse and acqui-
sition times of 1 and 4 ms, respectively. The spectra of the
5D0→7F1 region recorded with different delay times and
different gates were unchanged. Since it is known that espe-
cially the lowest7F1 Stark level is very sensitive to energy
transfer,20 we conclude that this process is negligible at the
present Eu31 concentration. Both the temperature-
independent nearly single exponential decay and the absence
of time evolution of the5D0→7F1 spectra suggest that the
additional spectral features are caused by simultaneous exci-
tation of Eu31 ions in two different site distributions.

The emission spectra of the5D0→7F1 transition were
deconvoluted into six Voigt-type components. A fit is shown
in Fig. 4. The positions of the six Stark levels obtained from
the deconvolution are plotted in the lower part of the energy-
level diagram in Fig. 5 as a function of the excitation energy
~the energy of the7F0 state is taken as zero!. It is evident that
the 7F1 splitting increases steadily with the5D0→7F0 en-
ergy. The assignment of the Stark components«0, «1 , and
«2 to the two major types of sites~I,II ! is discussed in Sec.
IV.

D. Emission after 5D1 excitation

The 7F0→5D1 absorption band is centered at 19 010
cm21 with a FWHM of about 95 cm21. The Stark splitting of
the 5D1 state is unresolved. Emission spectra were recorded
after excitation at different energies inside the inhomoge-
neously broadened profile of this band. In Fig. 6 the emission
spectra for two different excitation energies are shown.
Whilst in Fig. 6~a! the excitation was at low energy, in Fig.
6~b! the high-energy tail of the7F0→5D1 absorption profile
was excited. The most remarkable difference between Figs.
6~a! and 6~b! is the presence of more than one line in the
region of the5D0→7F0 transition in the latter. It has been
shown by Hegarty, Yen, and Weber14 in their investigation of
Eu31-doped lithium borate glass that this behavior is per-
fectly consistent with the shift of the centers of gravity and
the increasing Stark splitting of the5D1 multiplet of Eu

31 in
sites of increasing local crystal-field strength. In fact, for
excitation energies in the 19 000–19 200 cm21 range@e.g.,
Fig. 6~b!# up to three subsets of ions all differing in their
detailed 5D1 structure may be excited.14 In each subset a
different Stark level is in resonance with the laser. These
subsets of ions being different in their5D1 states will also
have their5D0 state at a different energy and their

5D0→7F0
transitions will be consequently displaced.

Excitation into the low-energy part of the7F0→5D1 tran-
sition @Fig. 6~a!#, by which only the lowest Stark component
of the 5D1 state is likely to be populated, gives rise only to
one5D0→7F0 emission line. However, in this case there is

FIG. 4. Fit of six Voigt-profile components to the emission spec-
trum of Eu31 in the 25Na2O•50B2O3•25SiO2 glass recorded at 13 K
after 17 379 cm21 excitation.

FIG. 5. Plot of the7F1,
5D0, and

5D1 Stark levels of Eu
31 in the

25Na2O•50B2O3•25SiO2 glass at 13 K as a function of the
7F0→5D0 energy. The7F0 ground state is taken as the zero of
energy. Levels assigned to the silicate and borate environments are
labeled by I and II, respectively~see text!.

6228 53PUCKER, GATTERER, FRITZER, BETTINELLI, AND FERRARI



also a small probability of exciting the other Stark compo-
nents of states having the5D1 barycenter at lower energy,
causing the low-energy shoulder. Therefore the emission
spectra after5D1 excitation can be related to the ones ob-
tained after 5D0 excitation, with the advantage that the
5D0→7F0 transition is also observable. The offsets of the
different 5D0→7F0 transitions reveal the Stark splitting of
the 5D1 state. This splitting plotted against the excitation
energy is included in the upper part of Fig. 5 and in Fig. 8.

In the present experiment it is not possible to distinguish
between the two site distributions evidenced in the the FLN
of the 5D0→7F1 transition. This is attributed to the fact that
the splitting of5D1 is roughly five times smaller than the one
of 7F1, and therefore the relatively small differences in the
crystal fields of the borate and of the silicate sites cannot be
detected. The asymmetry of the5D0→7F0 transitions which
is best seen in the isolated 17 436 cm21 band in Fig. 6~b!
may however be taken as an indication for the existence of
Eu31 ions in two environments.

The remaining features of the emission spectra can be
attributed to transitions from the individual5D0 states to the
corresponding7F1~«0! levels which are also expected in this
spectral region. The positions of these transitions for each
5D0 state energy may be obtained from the energy-level dia-
gram in Fig. 5 and are indicated in Fig. 6 by connecting
arrows.

E. Excitation spectra

Site-selective excitation spectra were obtained by tuning
the dye laser over the energy range of the7F0→5D0 and
7F0→5D1 regions. Moreover, from about 900 to 1700 cm21

above the7F0→5D0 transition a phonon sideband structure
is observed. Since phonon sidebands correspond to localized
vibrational modes around Eu31, they contain important infor-
mation about the surrounding of the structural probes.

5D1 region

For excitation spectra in the7F0→5D1 region the laser
was tuned from 18 900 to 19 400 cm21 and emission was

monitored at different positions inside the5D0→7F0 band.
Figure 7 shows the excitation spectrum for a low observation
energy~17 233 cm21!. The positions of the three bands cen-
tered at about 19 000 cm21 agree very well with the splitting
of a 5D1 state predicted for a Eu31 site with a 5D0→7F0
energy of 17 233 cm21 ~see Fig. 5!. Three additional bands
corresponding to5D0→7F1(e0) are expected, but only two
bands at 19 068 and 19 134 cm21 are observed, due to the
decreasing excitation intensity of the dye laser in this region.
From the energy-level diagram~Fig. 5! the 5D0→7F0 tran-
sition energy for these two bands can be estimated at about
17 360 cm21.

The present5D1 excitation spectra thus confirm the5D1
splitting obtained by emission after5D1 excitation. The
agreement of the two experiments is excellent~see Fig. 8!.
The smaller observation range of the excitation experiment is
caused by the rapid decrease of the laser intensity for ener-
gies higher than 19 100 cm21.

5D0 region

Excitation spectra of the7F0→5D0 transition were re-
corded by scanning the laser from 17 100 to 17 500 cm21

and monitoring the emission at different positions inside the
5D0→7F2 band ~see Fig. 9!. The absorption profile of the
7F0→5D0 transition is reproduced for comparison at the top
of Fig. 9. Monitoring at a high-energy site~16 490 cm21! a
relatively narrow ~about 80 cm21 halfwidth! symmetric
7F0→5D0 excitation spectrum is obtained. The excitation
spectra at lower observation energies are redshifted and
broadened~about 94 cm21 for the 15 945 cm21 spectrum!
with a wing on the high-energy side. This wing can be ex-
plained by the coincidence of the energy of two Stark levels
of the 7F2 state for two subsets of Eu31 ions.

Phonon sidebands

Figure 10 shows the phonon sidebands associated with the
7F0→5D0 excitation transition monitoring at different posi-
tions inside the pure electronic emission transition. The
wavenumbers on the abscissa are relative to the correspond-

FIG. 6. Emission spectra of Eu31 in the
25Na2O•50B2O3•25SiO2 glass after excitation at
18 982 cm21 ~a! and 19 120 cm21 ~b! inside the
7F0→5D1 band, recorded at 13 K. The maxima
of luminescence bands and relative assignment
are labeled in order to have an easy comparison
with Fig. 5.
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ing observation energy, which is indicated at the left side of
each trace and serves as a measure for the energy of the sites.
All spectra show phonon sidebands in the two regions 900–
1300 cm21 and 1300–1600 cm21 above the zero phonon line
~ZPL!. Both regions consist of a broad band which is appar-
ently shifted towards smaller energy, when the observation
energy is increased. In the low-frequency range Si-O vibra-
tions and, possibly, small contributions of BO4

2 vibrations
are expected.34,35However, Eu31 phonon sideband measure-
ments in sodium borate glasses indicate that the BO4

2 contri-
bution is small for high sodium contents.35 In the high-
frequency range B-O vibrations from BO3 units are located.
The asymmetrical bandshapes for 17 233 cm21 and higher
observation energies, however, suggest that each band con-
sists of at least two vibrational modes. The Si-O peak located
at 1190 cm21 above the5D0→7F0 transition of a 17 153
cm21 site is shifted to lower energy for higher site energies
and is found at 1150 cm21 for the 17 257 cm21 site. Starting
with observation energies of 17 233 cm21 a second band
appears at 1020 cm21 which remains more or less constant
for all higher energy sites.

In the B-O region the peak at 1550 cm21 of the 17 153
cm21 site is also shifted to lower energy as the observation
energy is increased. Starting with 17 233 cm21 sites it is
replaced by a second band centered at 1380 cm21 which
remains at this position for all higher site energies.

IV. DISCUSSION

The crystal-field potentialHcf acting on the Eu31 ions is
conveniently expressed as

Hcf5(
k,q

BkqCkq , ~1!

where theBkq are crystal-field parameters and theCkq are
spherical harmonics in Racah normalization.36,37 We adopt
C2v symmetry for the crystal-field calculations, as this is the
highest symmetry for which full splitting of the7F1 and

7F2
states of Eu31 is allowed, and the lowest in which symmetry
of most of the components is maintained.12 Ignoring J mix-
ing, the three crystal-field energies of the7F1 multiplet are,

17

FIG. 7. Excitation spectrum of Eu31 in the
25Na2O•50B2O3•25SiO2 glass in the7F0→5D1
region monitored at 17 233 cm21 ~inside the
5D0→7F0 band! recorded at 13 K.

FIG. 8. Comparison of
the Stark splitting of the5D1
state of Eu31 in the
25Na2O•50B2O3•25SiO2 glass at
13 K obtained from FLN spectros-
copy ~circles! and from site-
selective excitation of the
7F0→5D1 transition~triangles!.
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E~«0!5E~7F1!1B20/5,
~2!

E~«6!5E~7F1!2~B206A6B22!/10.

E(7F1) denotes the barycenter of the7F1 multiplet and«0,
«1 , and«2 denote the crystal-field states. Once an assign-
ment of the observed energy levels to these states is estab-
lished, values for the crystal-field parametersB20 and B22
may be calculated from Eq.~2! for each excitation wave-
length. It is generally agreed that, in the FLN spectra, the
highest energy feature, which is most sensitive to the excita-
tion energy and usually sharper than the two others, is a
transition from5D0 to the

7F1~«0! component of the
7F1 state.

We assign the three Stark levels as the sequence«0, «2 , and
«1 with increasing energy. This ordering is consistent with
that of Brecher and Riseberg12 ~who use the irreducible rep-
resentations ofC2v to label the Stark components!, and with
that of Nishimura and Kushida,17 but differs from the assign-
ment of Hegarty, Yen, and Weber,14 who put «2 to lowest
energy. For the present investigation an additional assign-
ment to the two major types of sites~I,II ! has to be made in
order to account for the six rather then three bands in this
spectral range.

In oxide glasses the first coordination shell of rare-earth
ions consists of oxygens either in the form of nonbridging
oxygens carrying a full negative charge or of bridging oxy-
gens carrying a partial negative charge. For electrostatic rea-
sons nonbridging oxygens will be the preferred partners.37

This species is also more easily drawn towards the Eu31 ions
because it is connected to the glass network only on one end.
Given the borosilicate nature of our glass sample it is rea-
sonable to propose that one of the two major site distribu-
tions is related to Eu31 ions in an environment of oxygen
atoms connected to silicon atoms and the other site distribu-
tion to oxygen atoms connected to boron atoms. This behav-
ior was also inferred from the optical spectra of Mn21-doped
sodium borosilicate glasses.38

The first coordination shell of rare-earth ions in binary
alkali silicate glasses is known to be remarkably constant.

Not only do Eu31 ions in sodium silicate glasses with differ-
ent modifier contents have their7F1,

5D0, etc. states at ex-
actly the same energy, but Todoroki, Hirao, and Soga39 have
shown that the splitting of the7F1 state in sodium silicate
glasses obtained in FLN experiments as a function of the
excitation energy is also independent of the network modifier
concentration. Hence the insensitivity of the sites towards
compositional changes is given not only for an average over
all sites but also for each subset of sites excited by the same
energy. If such silicate sites are occupied by Eu31 ions in any
silicate glass they can easily be identified by their character-
istic 7F1 splitting which can be expressed in terms of the two
crystal-field parametersB20 andB22.

In order to make quantitative comparisons with the litera-
ture the definition of an average crystal-field parameterB2,

21

B25A~B20!
212~B22!

2 ~3!

was adopted.
~Note: Care must be taken when crystal-field parameters
from different sources are compared because depending on
the explicit form of the crystal-field potential they may have
different significance even when they are labeled by the
same symbols. In order to make a comparison with theBkq
values of Brecher and Riseberg,12 we multiplied ourBkq val-
ues by a factor of 2 forB20 andA6/3 forB22, respectively

40!.

FIG. 9. Excitation spectra of the7F0→5D0 transition of Eu
31 in

the 25Na2O•50B2O3•25SiO2 glass at 13 K monitored at different
positions inside the5D0→7F2 emission band. The observation en-
ergies are indicated. Top trace: absorption profile of the7F0→5D0
transition.

FIG. 10. Excitation spectra of the phonon sideband structure
above the 7F0→5D0 transition of Eu31 in the
25Na2O•50B2O3•25SiO2 glass recorded at 13 K as a function of the
observation energy~vertical displacement! inside the pure elec-
tronic transition.
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We have calculated theB2 values for all possible combi-
nations of three out of the six observed7F1 Stark energies of
our sample and compared the result withB2 values for so-
dium barium zinc silicate12 @see Fig. 11~a!#. The only com-
bination which leads toB2 values comparable with theB2 of
the silicate glass is labeled in Fig. 5 as site I and the corre-
spondingB2 values are shown in Fig. 11~a!. The agreement
of the two data sets is evident; in fact, the two curves con-
verge for excitation energies higher than 17 300 cm21. The
deviation occurs for lower excitation energies where the six
Stark components are very close and strongly overlapping
each other, such that the curve fits are less reliable.

The remaining three Stark components are consequently
labeled as site II and attributed to Eu31 in a borate environ-
ment. Since the7F1~«0! energies for both sites are very simi-
lar, the value ofB2 is almost independent on the choice of
this crystal-field level. The assignment of the lowest Stark
level to site I is motivated by the results of the Voigt profile
fits ~see Fig. 4!. Invariably the three bands assigned to site I
show a narrower width compared with the bands assigned as
site II. Within each site distribution the widths of the
5D0→7F1(«2 ,«1) transitions are larger than the width of
the 5D0→7F1(«0) transition by a factor of 2. In view of the
similarity of Eu31 environments in silicate glasses the in-
crease of the7F1 splitting as a function of the excitation
energy is likely to reflect a decrease of the Eu-O distances,
inducing an increase in the crystal-field strength, when the
energy of the sites increases, rather than dramatic changes of
geometry and coordination numbers. The first coordination
shell is therefore no longer completely random, which leads
to a much narrower site distribution and hence to smaller
residual inhomogeneous widths for the observed transitions
in the FLN spectra. This description is consistent with the
idea of Eu31 ions forming quasimolecular complexes41,42 in
the glass rather than occupying random holes in the glass
structure.

A further confirmation of this view comes from the 1020
cm21 band in the phonon sideband structure. We assign it in
agreement with Nelson, Furukawa, and White,41 who found a
vibration at 1024 cm21 by difference Raman spectroscopy on

Sc31-doped sodium silicate glasses, which they attributed to
Si-O stretching vibrations of SiO4 units associated to Sc31

ions forming a quasimolecular complex. We assign the sec-
ond band in the Si-O region at 1150 cm21 which is dominant
in low-energy sites and disappears at higher site energies to
Si-O stretching vibrations of SiO4 tetrahedra with four bridg-
ing oxygens in the Eu31 neighborhood. This is consistent
with the small crystal-field splitting observed for the low-
energy sites.

The situation is much more complicated in sodium borate
glasses. For low alkali concentrations~up to R50.40! the
appearance of additional lines in the5D0→7F1 region points
at two major site distributions for Eu31 in these binary
glasses.22 This is consistent with the tendency of these
glasses towards phase separation. For higher modifier con-
tents a single site distribution is prevalent. The present glass
sample with a Na2O/B2O3 ratio of R50.5 will certainly be-
long to the second category. Generally, the splitting of the
7F1 state in borates is found to be slightly larger than in
silicates and shows a greater variety depending on the
composition.43 To our knowledge, no crystal-field parameters
on Eu31-doped sodium borate glasses have been reported in
the literature. In Fig. 11~b! the observedB2 values for site II
of our sample are compared withB2 values calculated from
the crystal-field splitting of the7F1 state of Eu31 in
40Li2O•60B2O3 glass~R50.66! shown in Fig. 8 of Ref. 22.
The agreement is not nearly as good as for the silicate sites;
however, considering the differentR values of the two
glasses and the fact that in the borate glass a different modi-
fier ~Li2O! is present, the agreement is reasonable, indicating
that our assignment of site II to a borate environment of
Eu31 is essentially correct. The larger width of the Stark
components of site II is consistent with the larger variety of
oxygen species in borate glasses~bridging and nonbridging
oxygens in planar BO3 units, bridging and nonbridging oxy-
gens in tetrahedral BO4

2 units!. We assign the phonon side-
band at 1550 cm21 to B-O2 vibrations of weakly coupled
BO3 units in the neighborhood of Eu31, while the stronger
band at 1380 cm21 which dominates at higher site energies is
due to B-O2 vibrations strongly coupled to Eu31.44 The in-

FIG. 11. Comparison of theB2
values obtained from the7F1 split-
ting of Eu31 in the
25Na2O•50B2O3•25SiO2 glass
with the corresponding values of
~a! Eu31 in sodium barium zinc
silicate glass~Ref. 12! and ~b!
Eu31 in lithium borate glass~Ref.
22!.
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crease of the7F1 splitting with increasing site energy is con-
sistent with the increasing flexibility of glass networks con-
sisting of planar BO3 units, because they allow for smaller
Eu-O distances in these sites and therefore produce higher
crystal-field strengths.

The B-O and Si-O phonon sidebands dominating the
spectra at high observation energies can also be seen starting
from the observation energy of 17 233 cm21; they are due to
the accidental coincidence already observed in the5D1 exci-
tation spectra. This coincidence blurs the shift of the vibronic
sidebands with the increasing observation energy. Moreover,
the phonon sideband due to the Eu-O stretching, which
should fall in the region between 250 and 450 cm21,45,48

appears to be unimportant. In fact, in the excitation spectra a
very weak and broad feature is barely detectable in this re-
gion. The calculated crystal-field parameters for the final
assignment of the two sites and the corresponding average
crystal-field parameters are given in Table II as a function of
the excitation energy.

The splitting of the5D1 state obtained either by emission
after 5D1 excitation or by excitation spectroscopy in the
7F0→5D1 region also increases in a monotonic way with the
excitation energy~see Fig. 5!. The ratio of the Stark split-
tings of the5D1 to those of7F1 yields a reduction factor of
about 0.18, which is smaller than the value of 0.298 pre-
dicted for pure Russell-Saunders states46 but in good agree-
ment with the experimentally found reduction factor of about
0.2 for crystals and glasses.14

V. CONCLUSIONS

The optical measurements of the phonon sidebands and of
the 7F1 Stark splitting give evidence of two different distri-
butions of sites for the Eu31 ions, related to the silicate and
the borate portions of the glass network. This conclusion is
confirmed by the parameters obtained from a crystal-field
analysis of the7F1 splitting. The existence of the two phases
in borosilicate glasses is confirmed using Eu31 as a probe
and the present results agree with the conclusions drawn
from NMR and Raman measurements. The fact that Eu31 is
found in the silicate phase is a strong indication for the pres-
ence of sodium ions in the silicate portion of the glass, in
agreement with the modified random network theory for the
structure of oxide glasses.47 At the impurity concentration
levels considered in the present study, no energy transfer
between different sites occurs from the5D0 and

5D1 states.
The intensity of the phonon sidebands is concentrated in the
high-frequency stretching modes of the network formers, at
variance with what is found for zinc borate glasses in which

the Eu-O mode is dominant.48,49
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