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This article presents the optical properties of Tb3þ in lead fluoroborate glasses of the type X PbF2 �

(89–X)B2O3 �10 Al2O3 �1Tb2O3 (where X¼8, 12, 16, 20, 24, 28, 34 and 36). The standard Judd–Ofelt

model was applied to the room temperature absorption intensities of Tb3þ (4 f8) to determine the

phenomenological intensity parameters O2, O4 and O6. These parameters have been used to calculate

radiative transition probabilities (Arad), lifetimes (tR) and branching ratios (bR) for the excited level 5D4.

The predicted values of tR are compared with the measured values for 5D4 level for eight glass

compositions (Glass (A–H)). Among the eight-terbium glasses Glass A with 8 mol% of PbF2 (as the

optimum content) has revealed an intense green emission with maximum life time and higher

quantum efficiency. The stimulated emission cross section s(lP) is also evaluated for the 5D4-
7FJ

(J¼6, 5, 4 and 3) transitions.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

The study of spectroscopic properties of rare earth doped
glasses has gained importance, since a complete knowledge on
the fundamental data that includes optical efficiency, transition
positions, transition probabilities, radiative and non-radiative
decay rates, branching ratios etc. for the excited states is essential
to estimate/design optical devices such as lasers, color displays,
upconverters, optical fibers and optical amplifiers and so on [1–5].
Rare earth ion doped glasses have obtained considerable interest
due to their more homogeneous luminescence, low cost, greater
ease of production and possibility of adjusting composition in
comparison with other luminescent materials [6]. Among the
trivalent rare-earth ions, the Tb3þ has considerable interest due
to its stimulated green emission through the 5D4-

7F5 (543 nm)
transition. The large energy difference (14,663 cm�1) between
the 7FJ¼0–6 multiplet levels and 5D4 emitting level, the lumines-
cence property of Tb3þ has been proven to be useful in
characterizing the energy level structure and optical transition
mechanism. The absorption and luminescence spectra of Tb3þ ion
in different lattices have been studied by several workers [7–9].

In this paper an attempt has made to analyze the optical
properties of Tb3þ doped lead fluoroborate glasses of the type X

PbF2 � (89–X)B2O3 �10Al2O3 �1Tb2O3 (where X¼8, 12, 16, 20, 24,
28, 32, 36). The Judd–Ofelt theory [10,11] has been applied to
ll rights reserved.
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interpret the local environment of Tb3þ ions and bond covalency
of RE–O bond. Using Judd–Ofelt [10,11] theory, radiative transi-
tion probabilities (Arad), radiative lifetimes (tR) and branching
ratios (bR) have been computed for the excited level 5D4 of Tb3þ

in these lead fluoroborate glasses. Emission spectra of these rare
earth glasses are also studied. Luminescence decay curves of the
5D4 level of Tb3þ ions in lead fluoroborate glasses have been
measured and analyzed.
2. Experimental studies

The Tb3þ doped lead fluoroborate glasses were prepared by
using appropriate amounts of analar-quantity B2O3, PbF2, Al2O3

and Tb2O3 with 99.99% purity. For convenience these glass
systems are designated as A, B, C, D, E, F, G and H according to
the PbF2 content in the glass matrix:
GLASS A: 8 PbF2 �81 B2O3 �10 Al2O3 �1 Tb2O3

GLASS B: 12 PbF2 �77 B2O3 �10 Al2O3 �1 Tb2O3

GLASS C: 16 PbF2 �73 B2O3 �10 Al2O3 �1 Tb2O3

GLASS D: 20 PbF2 �69 B2O3 �10 Al2O3 �1 Tb2O3

GLASS E: 24 PbF2 �65 B2O3 �10 Al2O3 �1 Tb2O3

GLASS F: 28 PbF2 �61 B2O3 �10 Al2O3 �1 Tb2O3

GLASS G: 32 PbF2 �57 B2O3 �10 Al2O3 �1Tb2O3

GLASS H: 36 PbF2 �53 B2O3 �10 Al2O3 �1Tb2O3
The samples are prepared by conventional melt quenching
technique [12–14]. All the chemicals used for the present work
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were procured from the Sigma–Aldrich. About 5 gm batches of
the compositions were weighed accurately using an electronic
microbalance and thoroughly grinded in an agate mortar to
homogenize the constituents. The batches taken in a platinum
crucible were then melted in an electrical furnace in the range of
1150 1C to 1200 1C for 1 h. The melt was poured onto a preheated
brass mold and annealed at 350 1C (above which the sample may
lose its glassy nature) for about 5 h to remove thermal strains.
Then the glass samples were allowed to cool to room temperature
(RT) and were well polished for optical measurements. The
refractive indices, nd were measured using an Abbe refractometer
at sodium wavelength (589.3 nm) with 1-Bromonaphthalin
(C10H7Br) as contact liquid. The density of the glass samples were
determined by the Archimede’s method, using xylene as an
immersion liquid. Absorption spectra were recorded at room
temperature (RT) on a spectrophotometer (Varian Carry 5E
model) in the wavelength range of 300–2500 nm with spectral
resolution of 1 nm. The excitation and emission spectra for the
glass samples under study were recorded in HORIBA JOBIN YVON
SPEX Fluorolog-3–11 Spectrofluorometer. The decay profile of the
glass samples under study was recorded using HORIBA JOBIN
YVON SPEX Fluorolog-3 Model FL3–22 Fluorimeter. The measure-
ment was carried out for the prominent fluorescent line
5D4-

7F5(543 nm) with 369 nm UV excitation for all eight glass
system. The experimental lifetime of the fluorescent level of Ln
ions was determined by first e-folding time of the decay profile
[8,15]. The system employs the DFS software in acquiring the
spectra and decay curves. The total life time can be determined
experimentally by measuring the luminescence decay for the
respective transitions.
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Fig. 1. (a) Room temperature optical absorption spectra of Tb3þ doped lead

fluoroborate glasses at lower wavelength region. (b) Room temperature optical

absorption spectra of Tb3þ doped lead fluoroborate glasses at higher wavelength

region (1500–2500 nm).
3. Results and discussion

3.1. Absorption spectra

Fig. 1 illustrates the room temperature absorption spectra of
Terbium doped lead fluoroborate glasses in the spectral region
300–2500 nm. A total of six absorption bands: 7F6-

5L9,5L10,5G6,
5D4,7F2,7F3 are observed. The spectral intensities for the observed
bands in the absorption spectra of these glasses, which are often
expressed in terms of oscillator strength of forced electronic
dipole transitions, have been analyzed with the help of
Judd–Ofelt (J–O) theory [10,11] using the expressions available in
literature and the values are tabulated in Table 1. The comparison of
experimental and theoretical oscillator strengths shows a reasonable
agreement. The rms deviations of oscillator strengths of experi-
mental and calculated values are given in Table 1. The relatively
small values of these deviations confirm the validity and applic-
ability of J–O theory for the present glass system.

The J–O Intensity parameters (Ol) have been calculated from
the absorption bands by using the least-square fitting analysis of
the experimental oscillator strengths using matrix elements [16]
and are presented in Table 1. The J–O intensity parameters (Ol)
are phenomenological characteristics for the influence of
surrounding environment of the rare earth ions as they contain
implicitly the crystal field terms and the radial integral wave
functions. These parameters play an important role to investigate
the coordination environment as well as bonding in the vicinity of
rare-earth ions. The obtained values of the intensity parameters
(Ol, l¼2, 4, 6) are presented in Table 1. On overall consideration,
in eight glass hosts the trend is as follows,

O24O64O4.
In general, the parameter O2 is related to the covalency and/or
structural changes in the vicinity of the Tb3þ ion (short range
effect) and O4 related to the long range effects. From Table 1 it is
observed that the O2 value for Glass A is found to be greater than
other glasses, this observation points out that the lead ions
occupy the network-forming positions and result a strong field
around Tb3þ ion and minimize the Tb–O average distance. Larger
value of O2 for Glass A indicates that stronger covalency of the
Tb–O bonds and lower symmetry for the Tb3þ ions than other
glass systems. It is also observed that O2 is decreasing with
increasing in PbF2 content this decrease of the covalent nature of
the bonds around Tb is certainly due to an increase of the ionic
character and due to the presence of fluorine ions surrounding Tb.
However, the magnitude of O4 and O6 parameters has been
related to the rigidity of the medium in which the ions are
situated.

3.2. Excitation and emission spectra

The excitation spectrum was recorded in the wavelength
region 300 nm to 400 nm for 543 nm emission of Tb3þ (with
xenon excitation) is shown in Fig. 2, which is due to the 4f–4f



Table 1
Experimental (fexp), calculated (fcal) oscillator strengths (�106) and Judd–Ofelt intensity (Ol�1020 cm2) parameters of prepared Tb3þ doped lead fluoroborate glasses.

Energy level Glass A Glass B Glass C Glass D Glass E Glass F Glass G Glass H

fexp fcal fexp fcal fexp fcal fexp fcal fexp fcal fexp fcal fexp fcal fexp fcal

7F6-
5L9 0.719 0.720 0.654 0.656 0.593 0.619 0.500 0.561 0.587 0.603 0.581 0.580 0.566 0.567 0.544 0.543

7F6-
5L10 0.850 0.853 0.770 0.775 0.704 0.729 0.683 0.665 0.710 0.714 0.603 0.685 0.630 0.672 0.609 0.641

7F6-
5G6 0.251 0.247 0.202 0.232 0.201 0.222 0.219 0.204 0.224 0.220 0.212 0.209 0.194 0.205 0.182 0.200

7F6-
5D4 0.040 0.041 0.032 0.039 0.030 0.038 0.029 0.036 0.030 0.039 0.033 0.036 0.041 0.035 0.032 0.034

7F6-
7F2 1.301 1.320 1.198 1.209 1.144 1.138 1.016 1.037 1.137 1.116 1.065 1.070 1.062 1.050 1.116 1.008

7F6-
7F3 1.240 1.257 1.160 1.167 1.000 1.106 1.103 1.000 1.076 1.090 1.037 1.039 0.967 1.020 0.977 1.002

s 0.011 0.014 0.046 0.051 0.013 0.034 0.029 0.048

O2 9.051 8.780 8.619 8.198 8.541 7.921 7.586 7.469

O4 2.518 2.388 2.270 1.954 2.203 2.026 2.012 2.153

O6 4.569 4.015 3.712 3.307 3.498 3.315 3.271 3.137
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Fig. 2. UV Excitation spectra of Tb3þ doped lead fluoroborate glasses.
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Fig. 3. Emission spectra of Tb3þ doped lead fluoroborate glasses excited at

369 nm.
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Fig. 4. A schematic energy level diagram of the luminescence and the resonant

energy transfer processes in Tb3þ doped lead fluoroborate glasses.
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transitions. The transitions assigned to those bands are
7F6-

5H6,5H7,5D1,5L8,5L9,5G5,5L10,5G6. The excitation spectrum
shows an agreement with absorption spectra.

Among different excitation transitions, 7F6-
5L10 (369 nm) is

more prominent. This has been used to measure emission spectra
of Tb3þ doped lead fluoroborate glasses as shown in Fig. 3.
The emission transitions have shown sharp emission bands due
to the f–f inner shell transitions, from the excited level to the
lower level such as 5D4-

7FJ (J¼3 to 6) for Tb3þ . From emission
spectra, transitions such as 5D4-

7F6 (489 nm),5D4-
7F5 (543 nm),

5D4-
7F4 (585 nm) and 5D4-

7F3 (622 nm) have been identified
[17,18]. The assignments of the transitions are taken from Dieke
and Crosswhite [19] and are expressed formally in the LS
coupling. Of them, 543 nm has shown bright green emission,
arising from the Laporte-forbidden 5D4-

7F5 transition [20]. The
transition 5D4-

7F6 obeys the magnetic dipole (MD) transition
selection rule of DJ¼71 [17,21].

When Tb3þ ions excited by UV radiation, electronic transition
of either 5D3-

7FJ (blue emission) or successive 5D3-
5D4 and

5D4-
7FJ (green emission) takes place, where J¼3, 4, 5 and 6. The

energy level diagram of the luminescence and the resonant
energy transfer processes in Tb3þ doped lead fluoroborate glasses
is as shown in Fig. 4. The small energy gap between (5800 cm�1)
between the 5D4 and 5D3 emission levels causes a fast non-
radiative decay and enhances the population of 5D4 level much
more at higher Tb3þ concentrations resulting the enhancement of
luminescence intensity. Luminescence from the higher excited
state such as 5D3 was not detected, indicating a very efficient
non-radiative relaxation to the lowest excited 5D4 levels. As
shown in Fig. 3, it was noted that the blue emission from 5D3

level to 7FJ multiplets is absent in all eight glasses. The observa-
tion can be rationalized by the fact that the emission derived from
5D3 level may be quenched by two types of nonradiative relaxa-
tion process, viz., cross-relaxation mechanism and multiphonon
mechanism that result in the rapid population of the 5D4 level at
the expense of 5D3 [22,23].



Table 2

Emission band position (lP nm), effective bandwidths (Dleff nm), stimulated emission cross-section (s(lP)�1022 cm2) for the measured fluorescent transitions of prepared

Tb3þ doped lead fluoroborate glasses.

Transition parameter A B C D E F G H

5D4-
7F6 lP

Dleff s
(lP)

490

13.265

0.928

489

12.858

0.927

488

15.135

0.767

489

13.323

0.824

489

14.877

0.790

489

13.989

0.794

489

14.009

0.765

489

14.314

0.735

5D4-
7F5 lP

Dleffs
(lP)

543

11.884

9.939

543

11.204

10.532

543

10.186

11.514

543

12.063

9.411

543

12.402

9.698

543

12.149

9.310

543

12.264

8.800

543

11.875

8.900

5D4-
7F4 lP

Dleff s
(lP)

585

13.988

0.905

586

13.014

0.932

585

13.085

0.890

586

14.194

0.750

585

14.284

0.816

585

14.695

0.749

585

13.721

0.784

585

14.054

0.767

5D4-
7F3 lP

Dleffs
(lP)

622

9.627

2.455

622

9.865

2.384

622

9.890

2.358

622

10.583

2.124

622

10.704

2.230

622

11.320

1.983

622

10.557

2.033

622

10.478

2.009
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The following cross relaxation may also occur:

Tb3þ (5D3)þTb3þ (7F6)-Tb3þ (5D4)þTb3þ (7F0)

So that the 5D3 to 7FJ transitions of some high Tb3þ

(Z1.0 mol%) concentration materials are quenched by the energy
transfer process as mentioned above. Thus only 5D4 to 7FJ

emission can be observed.
Table 2 gives the peak wavelengths (lP), effective band widths

(Dleff), and the stimulated emission cross-sections s (lP), for the
four transitions 5D4-

7F6,7F5,7F4,7F3. The stimulated emission
cross-section for the 5D4-

7F5 transition is the highest for all
the eight glass systems, which indicates that the laser efficiency
for this transition is high.

3.3. Radiative properties

The J–O intensity parameters (Ol) have been used to compute
the radiative properties of emission characteristics of the Tb3þ

doped lead fluoroborate glasses. Using the standard formulae
available in literature [24–26] the radiative properties have been
calculated for the 5D4-

7FJ (J¼3, 4, 5 and 6) transitions for the
eight glass systems and these values are presented in Table 3. The
radiative properties of Tb3þ ions (or any of the Ln3þ ions) depend
on the number of factors such as property of network former and
modifier of glass. The parameter bR (i.e., the branching ratio) of
the luminescent transitions characterizes the lasing power of the
potential laser transitions. The bR values obtained for the lumi-
nescent transitions originated from 5D4 for all the eight glasses
are furnished in Table 3. It is well established that an emission
transition having branching ratioZ0.50 can emit laser radiation
more efficiently [27]. Among various transitions the transition
5D4-

7F5 is found to have the highest values of bR for all the eight
glasses which is the characteristic property of Tb3þ ion. This
transition may therefore be considered as a possible laser transi-
tion. Higher the emission probability for a transition leads to
faster decay of that level and hence shortening of the lifetime. It
was seen from Table 3 that the spontaneous emission probability
(A) and the total emission probability (AT) is smaller for Glass A
and hence it is having higher excited state lifetimes compare to
the other glass systems. The lifetimes (tR) of 5D4-

7F5 of all the
eight glasses shows a decreasing trend with increasing PbF2

content. The lower is the modifying action of the NWM in the
glass network (Higher is the rigidity of the network), lower is the
radiative lifetime and the greater presence of higher vibrational
frequencies [28]. Such vibrations lead to non-radiative losses in
the glass systems with increasing PbF2. Even we have observed
decrease in the intensity with increase PbF2 content. The small
difference in experimental and calculated lifetimes can be attrib-
uted to non-radiative decay.

From Table 3 it is observed that the Glass A (8% PbF2) having
higher values in both experimental and calculated lifetimes for
5D4-

7F5 transition is then the best glass to exhibit better lasing
action among the eight glasses with a higher quantum efficiency
of 95.63%.

3.4. Decay analysis

Analysis of decay curves gives information about the measured
life times of the excited states of trivalent RE ions in any host
composition. For a detailed study of the quenching of the
fluorescence, we have measured the decay profile for the
5D4-

7F5 (green fluorescence) transition at 543 nm of Tb3þ in
lead fluoroborate glasses excited with 369 nm. The plots of the
intensity of the 5D4-

7F5 transition for different concentrations of
PbF2 are shown in Fig. 5. At lower Tb3þ concentrations
(r0.5 mol%), the decay curves exhibited single-exponential nat-
ure and at higher concentrations (Z1.0 mol%) they exhibited
non-exponential behavior due to the resonance energy transfer
among the excited Tb3þ ions through (5D4,7F6)-(7F6,5D4) transi-
tions as show in Fig. 4.

These curves were subjected to appropriate mathematical fitting
procedures in order to determine the first e-folding times of the
decay curves of the excited state using origin software and the
values are presented in Table 3, which shows that the Glass A is
having higher fluorescence life time. The decay time was found to be
decreasing as we go down the order from Glass A to Glass H
indicates a rapid energy transfer or resonant energy transfer (RET)
among the excited Tb3þ ions with increasing PbF2 content. In such a
case, the Tb3þ ions may play an intermediate role in the recombina-
tion reaction either through bypassing or by resonant energy transfer
condition, leading to a decrease in the radiative transitions [29].
4. Conclusions

The calculated intensity parameters follows the trend
O24O64O4 in all the glass systems. The value of O2 is found
to be higher for Glass A, it shows that the covalency is stronger
between the Tb3þ and Oxygen ion of the glass matrix compared
to other glasses. The emission spectra of all the eight glass
systems show that the Glass A with 8% PbF2 is having the higher
intensity for the prominent green emission. The transition
5D4-

7F5 is found to have the highest values of bR for all the
eight glasses and therefore this transition is the potential laser
transition. It is also observed that the stimulated emission



Table 3

Radiative properties (A,AT, bR,tR,) and Quantum efficiency (Z %) of the fluorescent

levels of prepared Tb3þ doped lead fluoroborate glasses.

Glass Transition Energy n
(cm�1)

A (s�1) bR

A 5D4-
7F6 20,408 38.468 0.116

5D4-
7F5 18,416 244.845 0.739

5D4-
7F4 17,094 19.477 0.059

5D4-
7F3 16,077 28.449 0.086

AT (s�1)¼331.240

tR(cal)

(ms)¼3.019 tR(exp)

(ms)¼2.887

Z %¼95.63

B 5D4-
7F6 20,450 39.944 0.114

5D4-
7F5 18,416 260.029 0.743

5D4-
7F4 17,065 19.708 0.056

5D4-
7F3 16,077 30.103 0.086

AT (s�1)¼349.785

tR(cal) (ms)¼2.859 tR(exp)

(ms)¼2.637

Z %¼92.24

C 5D4-
7F6 20,492 40.304 0.113

5D4-
7F5 18,416 265.636 0.746

5D4-
7F4 17,094 19.587 0.055

5D4-
7F3 16,077 30.673 0.086

AT (s�1)¼356.200

tR(cal) (ms)¼2.807 tR(exp)

(ms)¼2.517

Z %¼89.67

D 5D4-
7F6 20,450 39.204 0.110

5D4-
7F5 18,416 266.745 0.751

5D4-
7F4 17,065 18.451 0.052

5D4-
7F3 16,077 30.6692 0.086

AT (s�1)¼355.069

tR(cal) (ms)¼2.816 tR(exp)

(ms)¼2.382

Z %¼84.59

E 5D4-
7F6 20,450 42.927 0.111

5D4-
7F5 18,416 288.833 0.749

5D4-
7F4 17,094 20.776 0.054

5D4-
7F3 16,077 33.287 0.086

AT (s�1)¼385.822

tR(cal) (ms)¼2.592 tR(exp)

(ms)¼2.288

Z %¼88.27

F 5D4-
7F6 20,450 41.337 0.112

5D4-
7F5 18,416 276.86 0.748

5D4-
7F4 17,094 20.002 0.054

5D4-
7F3 16,077 31.92 0.086

AT (s�1)¼370.124

tR(cal) (ms)¼2.702 tR(exp)

(ms)¼2.237

Z %¼82.79

G 5D4-
7F6 20,450 39.499 0.113

5D4-
7F5 18,416 261.677 0.746

5D4-
7F4 17,094 19.352 0.055

5D4-
7F3 16,077 30.222 0.086

AT (s�1)¼350.751

tR(cal) (ms)¼2.851 tR(exp)

(ms)¼2.263

Z %¼79.38

H 5D4-
7F6 20,450 38.435 0.113

5D4-
7F5 18,416 254.109 0.745

5D4-
7F4 17,094 19.233 0.056

5D4-
7F3 16,077 29.393 0.086

AT (s�1)¼341.170

tR(cal) (ms)¼2.931 tR(exp)

(ms)¼2.245

Z %¼76.60
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Fig. 5. Logarithmic plot of the decay curves of the Tb3þ doped lead fluoroborate

glasses for 5D4-
7F5 (543 nm) transition excited at 369 nm.
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crosssection for the 5D4-
7F5 transition is the highest for all the

eight glass systems, which indicates that the laser efficiency for
this transition is high. In conclusion, this study shows that Tb3þ

doped lead fluoroborate glasses possesses several competitive
spectroscopic properties, suggesting that Glass A with 8% PbF2 has
potential candidate for 0.54 mm laser operation.
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