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Optical spectra and local structure of Eu3+ ions doped in
Nb2O5-La2O3-B2O3-BaO glasses
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The xNb2O5-(15−x)La2O3-40B2O3-45BaO (x = 5, 7.5, 12.5 mol%) glasses doped with Eu3+ ions in 1
mol% are fabricated by the melting method. The Fourier transform infrared (FTIR) spectra, phonon side-
band spectra, emission and excitation spectra of the glasses are measured. The crystal field parameter and
coordination number of Eu3+ ions in the glasses are obtained according to the splitting of their 5D0 − 7F1

levels. The intensity parameters Ω2 and Ω4 of Eu3+ ions for optical transition are calculated from their
emission spectra in terms of reduced matrix U (t) (λ = 2, 4, 6) character for optical transitions. The results
indicate that the intensity parameters Ω2 and Ω4 increase with the increase of Nb2O5 content, suggesting
that the symmetry becomes lower, the band of Eu and O atoms becomes stronger and the covalence
increases with the increase of Nb2O5 content.

OCIS codes: 160.5690, 160.2750, 160.2540, 070.4790.

Oxide glasses are favorable as the host materials for func-
tional ions and molecules due to their chemical/physical
stability, easy mass production, high transparency, and
compositional variety. Glasses containing Eu3+ ions have
attracted much attention because of their various appli-
cations in optical devices such as lasers, phosphors, and
optical data storage[1,2]. Because the structure and envi-
ronment of the glass strongly influence the fluorescence
characteristics of Eu3+ ions such as the splitting of Stark
energy level, actually, Eu3+ ions are also an activator to
study local structure and crystal field effect. Knowledge
of local structure surrounding rare earth ions in glasses is
important not only for explaining their optical properties
but also for designing novel laser glasses[3−7].

It has been found that the stimulated emission cross
section (σe) of Yb3+ ion can be enhanced by replacing
Nb2O5 with suitable amount of P2O5, SiO2, and B2O3

in phosphate and borate glasses[8], and La2O3
[9] with

modifiers in borate glass. Because the rare earth ele-
ments have similar chemical properties and diameters,
the Eu3+ ions in the above glass show similar enhanced
σe to that of Yb3+ ions. Nb2O5 and La2O3 are impor-
tant chemical agents of glasses. However, they are sel-
dom used together as glasses compositions. In this work,
we prepared the Eu3+-doped Nb2O5-La2O3-B2O3-BaO
glasses and investigated their optical properties.

The Judd-Ofelt (J-O) theory[10,11] is the most useful
theory in estimating the forced electric dipole transitions
of rare earth ions in various environments. In the J-O
theory, three parameters Ω2, Ω4, and Ω6 appear and can
be determined experimentally from the measurements of
absorption spectra and some chemical/physical proper-
ties of host. From these parameters, several important
optical properties, e.g., the oscillator strength, the radia-
tive transition probability, and the spontaneous emission
probability, can be evaluated. This method has been
adopted and used widely. However, it is not available
for opacity and the matrices with strong absorption, in
which their optical absorptions are difficult to be ob-
tained. Recently, the intensity parameters Ω2 and Ω4

of Eu3+ for optical transition were calculated from their

emission spectra in terms of reduced matrix U (t) (λ =
2, 4, 6) character for optical transitions[12], which made
good implement to the J-O theory. The similar method
is also adopted in this paper to calculate the intensity
parameters. The relationship between the fluorescent
properties and the local structure surrounding Eu3+ ions
is also primarily investigated according to the splitting
of 5D0 − 7F1 energy levels.

Three kinds of compositions of glasses doped
with Eu3+ ions are used in this study, they are:
S1, 5Nb2O5-10La2O3-45BaO-40B2O3; S2, 7.5Nb2O5-
7.5La2O3-45BaO-40B2O3; S3, 12.5Nb2O5-2.5La2O3-
45BaO-40B2O3. BaO and B2O3 were introduced in the
forms of BaCO3 and B(OH)3. La2O3, Nb2O5, and Eu2O3

were introduced directly from their oxide compounds. All
the chemicals are 99.9% purity. The batches of 50 g were
mixed in an Al2O3 crucible under air atmosphere. After
keeping at 1200 ◦C for 2 h, the melted glass was poured
on to a stainless steel plate. Each glass was annealed at
300 ◦C for 3 h and then cooled to room temperature.
The sample was cut into small pieces and well polished.

The infrared (IR) spectra of samples were recorded
with a Shimadzu FTIR-4800s Fourier transform infrared
(FTIR) spectrometer. The samples were prepared using
the KBr pellet technique. The excitation and spectra
were recorded with a Hitachi F-4500 fluorescence spec-
trometer by monitoring the 5D0 − 7F2 emission at 614
nm. By excitation spectra, the phonon sideband asso-
ciated with the 7F0 − 5D2 zero phonon transition was
obtained in the range of 430—465 nm. The emission
spectra were obtained under the excitation of a 394-nm
light.

Figure 1 shows the excitation spectra of the Eu3+-
doped glasses. Sharp lines were observed at 364, 384,
396, 416, 466, 534, 579 nm, respectively. These lines are
associated with the f -f transitions of Eu3+ ions. Their
detailed origins are labeled in the figure. It can be seen
from Fig. 1 that as the content of Nb2O5 in the glasses
increases, the emission intensity decreases.

Figure 2 shows the emission spectra of Eu3+ ions in the
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Fig. 1. Excitation spectra of different samples.

Fig. 2. Emission spectra of different samples.

above glasses. The emission peaks of 5D0 − 7FJ (J = 0,
1, 2, 3, 4) transitions at 578, 591, 612, 652, and 702 nm
can be observed, indicating that Eu3+ ions are incorpo-
rated. It can be noticed from Fig. 2 that the emission
intensity increases with the decrease of Nb2O5 content.
The emission intensity of 5D0− 7F2 transition at 612 nm
is the strongest. The transition of 5D0 − 7F6 level at
∼ 800 nm was difficult to be observed in experiments[12]
due to its small transition rate. So the parameter Ω6 is
not obtained in this paper. The refractive index is cal-
culated according to the method of Ref. [13], which was
used widely to estimate the refractive index of glasses
and the obtained refractive index can be near to the real
one exactly.

In the emission spectra, the 5D0 − 7FJ (J = 2, 4, 6)
transition is electric-dipole-allowed and its intensity is
sensitive to the local structure around Eu3+. On the
other hand, the 5D0 −7 FJ (J = 1, 3, 5) transition
is magnetic-dipole-allowed and its intensity shows little
variation with the crystal field strength on Eu3+. In gen-
eral, the intensity ratio of the electric-dipole to magnetic-
dipole transition is widely used for the study of chemical
bond between anions and the rare earth ions.

The electric dipole transition rate of 5D0 − 7FJ (J =
2, 4, 6) can be written as[12]

Aed =
64π4e2

3h
ν3

2J ′ + 1
n(n2 + 2)2

9

×
∑

t=2,4,6

Ωt〈ϕJ‖U t‖ϕ′J ′〉2, (1)

where e and n are the electron mass and glass refrac-

tive index, respectively; ν is the central wavenumber of
the transitions; h is the Plank constant; J ′ is the total
number of angular momentum of the initial energy level;
〈ϕJ‖U t‖ϕ′J ′〉 is the reduced matrix element from state
of |ϕ′J ′〉 to 〈ϕJ |, which are approximately unchanged for
different matrices[12].

The magnetic dipole transition rate 5D0 − 7F1 is given
by

Amd =
64π4

3h
ν3

2J ′ + 1
n3Smd, (2)

where Smd is the magnetic dipole operator and a con-
stant of 1.07×10−41 can be calculated from hybrid wave-
function[7,14], Ωt is the intensity parameter.

The intensity ratio of the electric dipole to magnetic
dipole transition is deduced as

∫
IJ (σ)dσ∫
Imd(σ)dσ

=
e2σ3

J (n2 + 2)2

9n2Smdσ3
md

Ωt × 〈ψJ‖U t‖ψ′J ′〉2. (3)

Based on Eq. (3) and the fluorescence intensity ratios
of 5D0−7F2/

5D0−7F1 and 5D0−7F4/
5D0−7F1, omitted

the “J hybridization” caused by crystal field, the values
of Ω2 and Ω4 could be obtained, as shown in Table 1.
The variation of Ω2 and Ω4 with contents of La2O3 and
Nb2O5 in glasses is shown in Fig. 3.

Because the emission spectra could be obtained in
almost all of luminous materials, and the method of cal-
culating the parameters from their emission spectra was
simple, and moreover, the error was smaller in compari-
son with that from their absorption spectra, the method
was favorable and effective. Actually, Ω2 presents the
ligand symmetry and the structure order. The larger the
value of Ω2 is, the stronger the covalency and the lower
the symmetry of glass are. It can be seen from Fig. 3
that the values of Ω2 in the glasses increase with the
content of Nb2O5, indicating that the covalency of glass

Table 1. Intensity Ratios of 5D0 − 7F2/5D0 − 7F1

(I 2/I 1) and 5D0 − 7F4/5D0 − 7F1 (I 4/I 1), and the
Intensity Parameters Ω2, Ω4 for Different Samples

nD I2/I1 I4/I1 Ω2 Ω4

(×10−20 cm2) (×10−20 cm2)

S1 1.8395 1.69 0.314 5.18 1.21

S2 1.8470 1.62 0.321 5.34 1.13

S3 1.8620 1.50 0.298 6.17 1.16

nD: the refractive index at 589.3 nm (the D Fraunhofer line).

Fig. 3. Variation of Ω2 and Ω4 with content of Nb2O5.
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becomes stronger and the symmetry becomes lower,
Nb2O5 shows more impact to improve the covalency
of glass compared with La2O3. B2O3 and Nb2O5 are the
formation of glass network, and La2O3 and BaO are the
modifiers of glass network. However, the introduction of
the modifiers into glass takes great effects on the optical
properties and structure of glass[8,9].

Phonon sideband of 7F0 − 5D2 excitation, taking from
the spectra of 5D0 emission, is a useful technique to in-
vestigate the local structure surrounding rare earth ion in
the glass network[15,16]. Figure 4 shows phonon sideband
spectra of Eu3+ ions in the niobate-lanthanum-borate
glasses. Two bands of 420—860 cm−1 which was at-
tributed to the Nb−O bonds in the NbO6 octahedra[17]

and ∼ 870 − 1430 cm−1 which was related to the B−O
bonds in [BO3][18] were observed in Fig. 4. The phonon
sidebands were corresponding to their Raman and IR
vibration spectra. The FTIR spectra of the glasses were
also recorded, as shown in Fig. 5. Three bands of 480—
880, 880—1300, and 1300—1800 cm−1 can be observed
in the figure (see the arrows).

It had been confirmed that, when Ba and La were intro-
duced into borate glasses, the bonds of Ba(La)−O−B=
are formed, which results in IR peak with smaller
wavenumber compared with that of O−B=[19]. The
former two bands in Fig. 5 were corresponding exactly
to those shown in Fig. 4. The band of 880—1300 cm−1

should be assigned to the bonds of Ba(La)−O−B= and
the one of 1300—1800 cm−1 to the bond of O−B=.
It should be noted that the Ba−O vibrational modes in
the range of 180—350 cm−1 do not appear in the phonon

Fig. 4. Phonon sideband spectra of Eu3+ ions in different
glasses. The excitation intensities of 7F0 − 5D2 are normal-
ized in all the glasses.

Fig. 5. FTIR spectra of different glasses. The arrows indicate
three bands of 480—880, 880—1300, and 1300—1800 cm−1.

Fig. 6. Resolved emission spectra of the three crystal-field-
splitting lines of the 5D0−7F1 transition at room temperature.

side spectra due to the concealment from the zero phonon
lines of 7F0 − 5D2.

Figure 6 shows the fluorescence spectra of the 5D0−7F1

transition of Eu3+ in the glasses at room temperature.
The fluorescence spectroscopy is useful and effective to
study the local environment around the Eu3+ ions[3−8].
As shown, the lines could be completely resolved into
three Gaussian components (ε0, ε−, ε+), indicating that
the Eu3+ ions were located in sites with a symmetry of
C2v or C2 or Cs. The peak energies of the Stark compo-
nents of 7F1 are plotted in Fig. 6 as a function of chemical
composition. It can be seen from Fig. 6 that the relative
intensities of ε0, ε−, ε+ in the glasses were almost same,
they were 16793.81, 16936.70, and 17048.28 cm−1, re-
spectively.

In the above point symmetries, it was thought that the
lowest energy of the 7F1 lines could be assigned to the
MJ=0 component of the 7F1 level, which had a large elec-
tron distribution along the z-axis. On the other hand, the
other two high energy components corresponded to the
electron distribution along the x-y plane. Under these
conditions, the z-axial and x-y plane components of the
second-order crystal field parameters,B20 andB22, could
be estimated from the energies of the three 7F1 lines
as[6,7]

B20 =
5
3
[2Eε0 − E(ε+) − E(ε−)], (4)

B22 =
5√
6
[E(ε+) − E(ε−)]. (5)

The calculated second-order crystal field parameters,
B20 and B22, were −662.3 and 227.8 cm−1, respectively.
Comparing the values with those in SiO2, Al2O3-SiO2,
and P2O5-Nb2O5 glasses[7,19], the values in this glass
were smaller than those in the silicate glass and bigger
than those in the P2O5-Nb2O5 glasses, suggesting that
the order of the host’s effect on the Eu3+ ion is the sili-
cate glasses, this glass, and P2O5-Nb2O5 glasses.

It is known that the value of B20 has a portion depen-
dent on the bond distance, r, between the coordinating
ligands and the center ion, which is given by

B20∞3Z2 − r2

r3
. (6)

A smaller value of B20 implies longer distance between
europium and oxygen. It can be seen from Fig. 6 that
the B20 values are almost same in these glasses, indicat-
ing that the distance between europium and oxygen does
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not change. Brecher and Riseberg et al.[3,4] analyzed
these fluorescence line narrowing (FLN) spectra of the
Eu3+ ions in oxide glasses and proposed geometric mod-
els for the coordination sphere of the Eu3+ ions. They
restricted the ratio of the crystal parameters, B20/B22,
to the coordination number of Eu3+ ions, in which the
B22/B20 values of −2.05 and −0.23 correspond to coor-
dination values of 8 and 9, respectively. B20/B22 was
determined to be −(2.91± 0.30). This indicates that the
coordination value of most Eu3+ ions is near 8, which is
the same as the case of P2O5-Nb2O5 glasses[19]. How-
ever, the coordination value of Eu3+ in silicate glass is
about 9[7]. From the above results, it can be known that
the coordination of Eu3+ in various glasses is related to
the glass structure and chemical composition of glass, al-
though it was not known in detail yet.

In conclusion, the spectroscopic properties of the
xNb2O5-(15 − x)La2O3-40B2O3-45BaO (x = 5, 7.5, 10,
12.5 mol%) glasses doped with Eu3+ in 1 mol% were
studied. The intensity parameter Ω2 increases with the
increase of Nb2O5 content. The band of Eu and O atoms
becomes stronger and the covalence increases with the
increase of Nb2O5 content. The introduction of Ba and
La into glass results in forming a Ba(La)−O−B= bond
with shorter wavenumber. The second-order crystal field
parameters, B20 and B22, were calculated to be −662.3
and 227.8 cm−1, respectively, according to the splitting
of energy levels, and the coordination value of most Eu3+

ions was estimated to be near 8. Such glasses contain-
ing Eu3+ with high stimulated emission cross section is
expected to find applications in optical data storage and
laser devices.
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