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a b s t r a c t

Glasses having composition 20ZnO·xBi2O3·(79.5 − x)B2O3·0.5Pr6O11 were prepared by melt quench tech-
nique. The amorphous nature of the prepared glass samples was confirmed by X-ray diffraction. The
spectroscopic properties of these glasses were investigated by recording optical absorption and fluores-
cence spectra. The structural investigations of the glasses were carried out by recording the IR spectra.
The optical properties of Pr3+ ions doped zinc borate glasses with varying concentration of bismuth oxide
have been studied. The Judd–Ofelt intensity parameters ˝� (� = 2, 4, 6) and other radiative properties
like radiative transition probability, radiative life time, branching ratio and stimulated emission cross-
adiative life-time
ranching ratio
timulated emission cross section
r3+ doped glasses

section of the prepared glasses have been calculated. The variation of ˝2 with Bi2O3 content has been
attributed to changes in the asymmetry of the ligand field at the rare earth ion site and to the changes
in their rare earth oxygen (RE-O) covalency. The branching ratio for 3P0 → 3F2 transition is 42% and the
predicted spontaneous radiative transition probability rates are fairly high (14,347–14,607 s−1). This is
beneficial for lasing emission. The stimulated emission cross-section for all the emission bands has been

calculated.

. Introduction

Rare-earth (RE) doped glasses play a very significant role in the
evelopment of lasers and fibre amplifiers for optical telecommu-
ication. The optical properties of RE ions are slightly influenced
y the ligand field surrounding them. Among the rare earth ions,
rivalent praseodymium ions (Pr3+) have different applications due
o a large number of available absorption bands in the UV, vis-
ble and near infrared regions. It is used for optical amplifiers,
p-converters and other electro optic devices [1–3]. Spectral prop-
rties of Pr3+ ions doped glasses have been widely investigated
ecause the energy levels of Pr3+ ions are such that the emis-
ion spectrum ranges from UV to infrared. Pr3+ ions doped glass
bre are currently used as promising device for optical commu-
ication system based on 1.3 �m radiation [4]. Laser action has
een observed for 1D2 → 3H4 transition [5–7] of the Pr3+ ions. Pr3+

ons doped alkali bismuth gallate [8], TeO2–LiF [9], lithium borate,
ithium fluoro-borate [10] and oxyfluoro-borate [11] glasses have
een studied. Pr3+ doped heavy metal oxide glasses such as ger-

anate, lead oxide, bismuth oxide and tellurite glasses have proved

o be effective for several practical applications [12] because of
heir high refractive index, high transmittance for infrared radi-

∗ Corresponding author. Tel.: +91 1662 263384; fax: +91 1662 276240.
E-mail address: aagju@yahoo.com (A. Agarwal).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.04.114
© 2011 Elsevier B.V. All rights reserved.

ation and high chemical stability. Tellurite and heavy metal oxide
glasses have been paid much attention in recent years because their
maximum phonon energy is lower in comparison to borate, phos-
phate and silicate glasses. The emission quantum efficiency from
a given level strongly depends on the phonon energy of the host
medium. It is expected that the non-radiative losses to the lattice
will be small and the fluorescence quantum efficiency will be high
in tellurite and heavy metal oxide glasses [13,14]. The intensity
of the transitions for the rare earth ions has been calculated by
using the Judd–Ofelt theory [15,16]. This theory defines a set of
three intensity parameters ˝� (� = 2, 4, 6) which are sensitive to
the environment of the rare earth ions. These intensity parame-
ters have been used to calculate important optical properties such
as radiative transition probability for spontaneous emission, radia-
tive life time of the excited state, branching ratio and stimulated
emission cross-section in order to optimize the best configuration
of the ion- host to improve the laser efficiency of a specific elec-
tronic transition. The intensity parameter ˝2 is an indicator of the
covalency of the rare earth-oxygen bond and it is sensitive to the
structural changes in the glass. In bismuth borate glasses, ˝2 varies
due to the conversion of three coordinated boron atoms (B3) to
four coordinated boron atoms (B4) and the change in the number

of non-bridging oxygens ions (NBO’s).

In this paper, we have studied the effect of bismuth oxide on
the absorption and emission properties of Pr3+ doped zinc bismuth
borate glasses. We have chosen this heavy metal based glasses to

dx.doi.org/10.1016/j.jallcom.2011.04.114
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:aagju@yahoo.com
dx.doi.org/10.1016/j.jallcom.2011.04.114
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ncorporate the Pr3+ ions because these glasses have large glass
orming region, high refractive index, good physical and chemical
tability and large transmission window.

. Judd–Ofelt theory

The absorption spectra of rare earth ions serve as a basis for
nderstanding their radiative properties. The sharp absorption

ines arising from the 4f–4f electronic transitions can be electric
ipole, magnetic dipole or electric quadrupole in character. The
uantitative calculation of the intensities of these transitions has
een developed independently by Judd [15] and Ofelt [16]. A brief
utline of the Judd–Ofelt theory is given below:

For a rare earth ion, the electric dipole transitions between two
tates within the 4f configuration are parity forbidden, while the
agnetic dipole and electric quadrupole transitions are allowed.

or an ion in a medium, the electric dipole transitions become
llowed due to the admixture of states from configuration of oppo-
ite parity (for example 4fN−1 5d) into the 4f configuration. The
ransition probability depends on the extent of admixture. The
ntensity of an absorption band is expressed in terms of a quan-
ity called the “oscillator strength”. Experimentally, it is given by
he area under the absorption band and can be expressed in terms
f the absorption coefficient, ˛(�) at a particular wavelength � and
s given by [17]:

expt = mc2

�e2N

∫
˛(�)d�

�2
(1)

here ˛(�) = (2.303)OD(�)/d OD(�) is the optical density, d is the
hickness of the sample, m and e are the mass and charge of electron,
espectively, c is the velocity of light and N is the number of rare
arth ions per unit volume.

According to the Judd–Ofelt theory [18], the oscillator strength
f a transition between an initial J manifold (S,L) J and a final J′

anifold (S′,L′)J′ is given by:

cal(aJ, bJ′) = 8�2m�

3h(2J + 1)

[
(n2 + 2)

2

9n
Sed + nSmd

]
(2)

here

ed

[
(S, L)J, (S′, L′)J′

]
=

∑
�=2,4,6

˝�

∣∣〈(S, L)J
∥∥U(�)

∥∥ (S′, L′)J′
〉∣∣2

nd

md

[
(S, L)J, (S′, L′)J′

]
=

∑
�=2,4,6

˝�

∣∣〈(S, L)J
∥∥L + 2S

∥∥ (S′, L′)J′
〉∣∣2

Sed and Smd represent the line strengths for the induced electric
ipole transitions and the magnetic dipole transitions, respectively.

The three intensity parameters, ˝� (� = 2, 4, 6) are characteris-
ic of a given rare earth ion (in a given matrix) and are related to
he radial functions of the states 4fN, the admixing states 4fN−15d
r 4fN−15g and the ligand field parameters that characterize the
nvironmental field. These are given by the expression:

� = (2� + 1)
∑
s,p

∣∣As,p

∣∣2
�2(s, �)(2S + 1)2, � = 2, 4, 6 (3)

here As,p are the crystal field parameters of rank s and are related
o the structure around the rare earth ion. �(s,�) is related to
he matrix elements between the radial wave functions of 4f and

dmixing levels, e.g., 5d, 5g and the energy difference between two

evels.
∣∣〈∥∥U(�)

∥∥〉∣∣2
represents the square matrix elements of the

nit tensor operators U(�) connecting the initial and final states.
he matrix elements are calculated in the intermediate coupling
pounds 509 (2011) 7625–7631

approximation [19]. Due to the electrostatic shielding of the 4f elec-
trons by the closed 5p shell electrons, the matrix elements of the
unit tensor operator between two energy manifolds in a given rare
earth ion do not vary significantly when it is incorporated in dif-
ferent hosts. Therefore, the matrix elements computed for the free
ion may be used for calculation in different media and are reported
by Weber et al. [20] and Carnall et al. [21]. The reduced matrix ele-
ments

〈∥∥L + 2S
∥∥〉

for magnetic dipole transitions are reported by
Neilson et al. [22].

The values of ˝� obtained from the absorption measurements
are used to calculate the radiative transition probability, radiative
lifetime of the excited states, branching ratio (which predict the
fluorescence intensity of the lasing transition) and stimulated emis-
sion cross-section. The radiative transition probability Arad (aJ, bJ′)
for emission from an initial state aJ to a final bJ′ is given by [23]:

Arad(aJ, bJ′) = 64�4�3e2

3hc3(2J + 1)

[
n(n2 + 2)

2

9
Sed + n3Smd

]
(4)

In case of electric dipole emission, this equation becomes:

Arad(aJ, bJ′) = 64�4�3e2

3hc3(2J + 1)
n(n2 + 2)

2

9

×
∑

�=2,4,6

˝�

∣∣〈(S, L) J
∥∥U(�)

∥∥(
S′, L′) J′

〉∣∣2
(5)

The total radiative emission probability, AT(aJ) of the excited
state SLJ is given by the sum of the Arad (aJ,bJ′) terms calculated
over all terminal states b:

AT (aJ) =
∑

bJ′
Arad(aJ, bJ′) (6)

The fluorescence branching ratio ˇr is given as:

ˇr = Arad(aJ, bJ′)
AT (aJ)

(7)

The radiative lifetimes of the emission state is:

�r = 1
AT (aJ)

(8)

Finally, the stimulated emission cross-section of the fluorescent
level is given by:

� = �4
pArad(aJ, bJ′)
8�cn2	�

(9)

3. Experimental details

The Pr3+ ions doped glasses having composition 20ZnO·xBi2O3·(79.5 − x)
B2O3·0.5Pr2O11 (15 ≤ x ≤ 35 x in mol%) were prepared by using melt-quenching
technique. The 15g batches of analar grade chemicals were taken in appropriate
proportion and were melted at 1150 ◦C for 40 min. The melt was stirred frequently
for homogeneous mixing of all the constituents. The glass samples were obtained by
pouring and quenching the melt in between two stainless steel plates held at room
temperature (RT). The amorphous nature of the prepared samples was confirmed by
recording X-ray diffraction patterns using Miniflex-II (Rigaku) X-ray diffractometer.
The density (D) of each glass sample was measured by the Archimedes’s principle
using Xylene as immersing liquid. The refractive index (n) of the polished sam-
ples was measured by the Brewster angle method using He–Ne laser (632 nm).
The optical absorption spectra of all the polished samples were recorded at RT
in the wavelength range 300–3200 nm using a spectrophotometer (Varian-Carry

5000). The emission spectra were recorded using a spectroflurometer (JobinYvon
Fluorolog-3) at an excitation wavelength of 450 nm.

The IR spectra of all the samples were recorded in the range 400–4000 cm−1

at RT with a spectral resolution of 4 cm−1 using FTIR spectrometer (Shimadzu FTIR
8001PC).
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Table 1
Density (D), molar volume (VM), no. density of Pr3+ ions (N), refractive index (n), dielectric constant (ε), reflection loss (RL), inter-ionic distance (ri) and ionic radius (rp) for
20ZnO·xBi2O3 (79.5 − x)B2O3·0.5Pr6O11 glasses.

Sample code x (mol%) D (g/cm3) VM (cm3/mol) N (1020 ions/cm3) n ε (n2) RL(%) [(n − 1)/(n + 1)]2 ri (Å) rp (Å)

ZBP1 15 4.41 29.79 7.01 1.75 3.06 7.44 2.43 0.97
ZBP2 20 4.72 32.06 6.83 1.80 3.24 8.16 2.45 0.98
ZBP3 25 5.06 33.92 6.70 1.86 3.46 9.04 2.46 0.99
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sensitive transitions as these transitions are strongly dependent on
the neighbouring ligands [24] and these obey the selection rules:
ZBP4 30 5.27 36.42 6.44
ZBP5 35 5.55 38.18 6.30

. Results and discussion

.1. Absorption spectra and oscillator strength

The X-ray diffraction patterns of all the glasses are shown in
ig. 1 and the amorphous nature of the prepared samples is con-
rmed. From the measured values of density (D), molar volume
VM) and refractive index (n), various other physical parameters
uch as Pr3+ ion concentration (N), dielectric constant (ε), reflec-
ion loss (RL), mean rare earth ion separation (ri) and ionic radius
rp) of these glasses are evaluated using the conventional formulae
nd are presented in Table 1.

The optical absorption spectra of ZBP1 glass sample are shown
n Fig. 2. From these spectra, absorption bands at 444, 468, 482,
88, 904, 1422, 1520, and 1884 nm are observed and these bands
re assigned to following transitions for Pr3+ ion: 3H4 → 3P2,1,0,
H4 → 1D2, 3H4 → 1G4, and 3H4 → 3F4,3,2, respectively. These bands
orrespond to the 4f2-configuration electric dipole transitions from

3
he ground state ( H4) to the various excited states and the band
idth are due to the combination of inhomogeneous broaden-

ng and unresolved stark splitting. The observed absorption bands
an be divided into three groups; transition from 3H4 → 1G4 and

70605040302010
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Fig. 1. XRD patterns of 20ZnO·xBi2O3·(79.5 − x)B2O3·0.5Pr6O11 (ZBP) glasses.
1.89 3.57 9.48 2.49 1.01
1.94 3.76 10.52 2.51 1.09

3H4 → 3F4,3,2 in the infrared region, the 3H4 → 1D2 transition at
588 nm and 3H4 → 3P2,1,0, complex group of transitions in violet
to blue region. For calculating oscillator strength of the overlapped
peaks, the area of the peaks was estimated by extrapolating up to
the base line. In order to estimate the intensities for the transitions
3H4 → 3P2,1,0, it is first noted that the base line for the absorption is
rising towards the higher frequency side. Since the peaks are dis-
tinct we extended the two sides of individual lines linearly to this
base line and measured each such triangular area. In the region of
overlap, the proportion of intensity contributed by different tran-
sitions is so adjusted that the relative intensities as estimated by
the peak height are not unduly modified. The experimental oscilla-
tor strengths, which measure the intensity of absorption transitions
from the ground 3H4 level to various excited levels, have been mea-
sured by Eq. (1) and the values are given in Table 2. The transitions
3H4 → 3P2 and 3H4 → 3F2 of Pr3+ ions have been labeled as hyper-
	S = 0, 	L ≤ 2 and 	J ≤ 2 [25].
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Fig. 2. Optical absorption spectra of ZBP1 glass sample in. (a) The visible region (b)
near IR region.
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Table 2
Oscillator strength for some transitions from the indicated levels to the ground level 3H4, and their root mean square (ıRMS), which indicates the fit quality of theoretical and
experimental results for 20ZnO·xBi2O3·(79.5 − x)B2O3·0.5Pr6O11 glasses.

Transitions from ground level �(nm) Oscillator strength (10−6)

ZBP1 ZBP2 ZBP3 ZBP4 ZBP5

3H4→ fexpt fcal fexpt fcal fexpt fcal fexpt fcal fexpt fcal

3P2 422 4.90 5.09 3.29 4.69 3.09 4.26 2.89 3.79 2.17 2.31
3P1 468 2.83 2.34 1.81 1.68 1.71 1.57 1.59 1.51 1.04 1.11
3P0 482 1.98 2.31 1.42 1.66 1.37 1.55 1.29 1.48 0.99 1.10
1D2 588 0.99 1.42 0.78 1.01 0.69 1.25 0.56 1.11 0.38 0.67
1G4 916 0.71 0.63 0.64 0.57 0.58 0.41 0.49 0.34 0.27 0.32
3F4 1422 6.21 5.29 5.26 4.97 4.89 4.48 4.07 3.97 3.47 3.49
3F3 1520 8.38 8.24 8.08 7.53 7.42 6.82 6.74 6.09 6.18 5.26
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3F2 1884 1.57 1.63 1.75
ırms(10−7) 7.34

The oscillator strength of these peaks shows a peculiar behav-
or, the strength decreases as Bi2O3 concentration increases from
5 to 35 mol%, the data are given in Table 2. Using the experimen-
al oscillator strengths, the host dependent Judd–Ofelt intensity
arameters ˝� (� = 2,4,6) and calculated oscillator strength for
bserved electric dipole transitions within the 4f2 configuration
ave been determined using the Eq. (2) by least square fit procedure
Table 2).

The reduced matrix elements
∥∥U(�)

∥∥2
that are insensitive to

he environment of rare earth ions were taken from the lit-
rature [21]. An immediate measure of the quality of the fit
s given by the root mean square deviation (ıRMS) between
he experimental and calculated oscillator strength and is
epresented by:

RMS =
[∑

(fexp t − fcal)
2

P

]1/2

(10)

here P is the total number of energy levels included in the fitting
rocedure.

It has been noted that the Judd–Ofelt theory is not very suc-
essful in case of Pr3+ ion as the energy levels corresponding to the
round configuration 4f2 and the first excited 4f15d1 state differ
ery little in energy [26]. Because of this small energy separation,
negative value for the parameter ˝2 has been reported [27] and

here is usually a poor agreement between the theoretically esti-
ated and experimentally measured results for various optical

arameters [27]. Many authors [28–30] have therefore excluded
he 3H4 → 3P2 transition in applying the Judd–Ofelt theory to the
bserved spectrum of Pr3+ ions. The Judd–Ofelt parameters have

een recalculated after excluding this transition but it was noted
hat neither the calculated oscillator strength nor the ıRMS devia-
ion showed any significant improvement. Therefore, in the present
ork the Judd–Ofelt parameters have been calculated by including

able 3
udd–Ofelt intensity parameters (˝2, ˝4, ˝6) of Pr3+ ions doped glasses.

Glass ˝2 (10−20 cm2) ˝4 (10−20 cm2)

ZBP1 1.30 3.29
ZBP2 2.69 2.27
ZBP3 2.89 2.04
ZBP4 3.27 1.88
ZBP5 3.94 1.34
Oxyfluoride 0.13 4.09
LiTFP 0.264 8.067
NaTFP 0.229 7.312
KTFP 0.498 8.814
Fluorozirconate 2.8 4.9
Mix-Halide 2.7 4.4
ZBLAN 2.44 4.41
1.88 1.59 1.69 1.38 1.47 1.09 1.22
8.08 6.80 5.71 7.11

3H4 → 3P2 transition. Further, no unphysical (like negative) val-
ues for ˝2 have been found but the agreement with experimental
results is not good for 3H4 → 3P2 transition. For other transitions,
including the second hypersensitive transition (3H4 → 3F2), the
agreement is reasonably good. The values of Judd–Ofelt intensity
parameters are given in Table 3 along with the values of some other
glasses for comparison. Table 3 shows that ˝2 increases whereas
˝4 and ˝6 decrease with increase in the Bi2O3 content in the host
glasses. These intensity parameters reflect the local structure and
bonding in the vicinity of rare earth ions to some extent. As a gen-
eral conclusion, ˝2 parameter increases with asymmetry of the
local structure and with the degree of covalency of the lanthanide-
ligand bonds, whereas ˝6 parameter decreases with the tendency
of covalency. In addition, ˝4 parameter is believed to be related to
the bulk properties of the samples [31]. ˝2 is higher for the present
glasses in comparison to oxy-fluoride [31], tellufluoro-phosphate
[32], fluorozirconate [33], mixed-halide [33] and ZBLAN glasses [34]
except for ZBP 1 glass sample. This indicates that the asymmetry
and covalency of Pr3+ ions in the zinc bismuth borate glasses are
stronger than those in the others glasses mentioned above. The
lower value of ˝2 for ZBP1 glass indicates that for smaller con-
centration of Bi2O3 (15 mol%), the asymmetry of the ligand field is
minimum. It has been reported in Sm3+ ions doped zinc bismuth
borate glasses [35] that the addition of Bi2O3 in the glass converts
BO3 units into BO4 units. An increased formation of BO4 units leads
to close packing of oxygen atoms around the rare earth ion resulting
in higher symmetry around the rare earth site. Also the intensity
parameters, ˝� (� = 2, 4, 6) and the spectroscopic quality factor
(SQF) (Table 3) as well as the radiative properties like radiative
transition probability (Arad), radiative lifetime of the excited states

(�r), branching ratio (ˇr) and stimulated emission cross-section (�)
(Table 4) obtained in the present ZBP glasses follow the same trend
as predicted in the Sm3+ ions doped zinc bismuth borate glasses
[35].

˝6 (10−20 cm2) SQF (˝4/˝6) References

2.13 1.54 Present work
2.03 1.12 Present work
1.99 1.03 Present work
1.32 1.42 Present work
1.23 1.09 Present work
6.33 0.65 [31]
5.884 1.37 [32]
6.149 1.19 [32]
6.426 1.37 [32]
5.3 0.92 [33]
5.4 0.81 [33]
5.52 0.79 [34]



I. Pal et al. / Journal of Alloys and Compounds 509 (2011) 7625–7631 7629

Ta
b

le
4

Th
e

p
ea

k
w

av
el

en
gt

h
(�

p
),

ra
d

ia
ti

ve
tr

an
si

ti
on

p
ro

ba
bi

li
ty

(A
ra

d
),

br
an

ch
in

g
ra

ti
o

(ˇ
r)

,s
ti

m
u

la
te

d
em

is
si

on
cr

os
s-

se
ct

io
n

(�
),

to
ta

lr
ad

ia
ti

ve
tr

an
si

ti
on

p
ro

ba
bi

li
ty

(A
T
),

ra
d

ia
ti

ve
li

fe
ti

m
e

(�
r)

an
d

th
e

to
ta

le
m

is
si

on
cr

os
s-

se
ct

io
n

(�
t)

fo
r

va
ri

ou
s

tr
an

si
ti

on
s

in
20

Zn
O

·xB
i 2

O
3

(7
9.

5
−

x)
B

2
O

3
·0

.5
Pr

6
O

11
gl

as
se

s.

Tr
an

si
ti

on
s

ZB
P1

ZB
P2

ZB
P3

ZB
P4

ZB
P5

�
p

(n
m

)
A

ra
d

(s
−1

)
ˇ

r
(%

)
�

(1
0−2

0
cm

2
)

A
ra

d
(s

−1
)

ˇ
r

(%
)

�
(1

0−2
0

cm
2
)

A
ra

d
(s

−1
)

ˇ
r

(%
)

�
(1

0−2
0

cm
2
)

A
ra

d
(s

−1
)

ˇ
r

(%
)

�
(1

0−2
0

cm
2
)

A
ra

d
(s

−1
)

ˇ
r

(%
)

�
(1

0−2
0

cm
2
)

3
P 0

→
3
H

4
49

3
11

,0
20

0.
32

5
4.

03
11

,0
80

0.
32

5
4.

48
11

,1
89

0.
32

4
5.

07
11

,2
69

0.
32

5
6.

51
11

,2
86

0.
32

3
7.

13
3
P 0

→
3
H

6
60

8
69

31
0.

20
5

1.
58

69
80

0.
20

5
1.

69
70

03
0.

20
2

1.
73

70
98

0.
20

4
1.

89
71

30
0.

20
4

2.
20

3
P 0

→
3
F 2

64
4

14
,3

47
0.

42
3

13
.3

6
14

,4
00

0.
42

2
14

.9
1

14
,5

84
0.

42
2

16
.8

3
14

,5
05

0.
41

7
18

.6
5

14
,6

07
0.

41
8

18
.8

6
3
P 0

→
3
F 3

72
3

95
6

0.
02

8
1.

62
97

6
0.

02
9

1.
67

10
37

0.
03

0
2.

75
10

99
0.

03
2

2.
81

11
12

0.
03

2
3.

20
1
D

2
→

3
H

6
78

7
63

3
0.

01
9

1.
17

65
6

0.
01

9
1.

85
71

9
0.

02
1

2.
50

74
8

0.
02

2
2.

72
79

5
0.

02
3

2.
94

A
t(
s−
1 )

33
,8

87
34

,0
92

34
,5

32
43

,7
19

34
,9

30
�

r(
�

s)
29

.5
1

29
.3

3
28

.9
6

28
.8

0
28

.6
3

�
t(

10
−2

0
cm

2
)

21
.7

6
24

.6
0

28
.8

8
32

.5
8

34
.3

3

790740690640590540490
Wavelength (nm)

Fl
uo

re
sc

en
ce

 In
te

ns
ity

 (a
.u

.)

X=35 X=15

3P0→
3H4

3P0→
3H6

3P0→
3F2

3P0→
3F3

1D2→
3H6
Fig. 3. Fluorescence spectra of ZBP1 and ZBP 5 glass samples.

4.2. Fluorescence spectra

Fig. 3 shows the fluorescence spectra for ZBP1 and ZBP5 glass
samples recorded at RT (�ext = 450 nm). This figure shows five peaks
around 493, 608, 644, 724, and 787 nm. These fluorescence peaks
are assigned to 3P0 → 3H4,6,

3P0 → 3F2,3 and 1D2 → 3H6 transitions,
respectively. The assignment of the peaks to specific transitions
have been made on the basis of known energy levels of Pr3+

ions as reported by Dieke [36] and earlier workers [10,11]. The
first and most interesting observation is that the intensity of the
fluorescence peak at 493 nm corresponding to 3P0 → 3H4 transi-
tion increases with increasing Bi2O3 concentration. The another
important observation is that the last two peaks 3P0 → 3F3 and

1D2 → 3H6 have very low intensity for ZBP1 glass and the intensity
for these transitions increases with increasing Bi2O3 which may be
attributed to the structural change.

Fig. 4. Energy levels depicting the various lasing transitions of Pr3+ ions.
(3P0 → 3H4,6,

3P0 → 3F2,3 and 1D2 → 3H6)
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Fig. 5. Infrared transmission spectra of 20ZnO·xBi2O3·(79.5 − x)B2O3·0.5Pr6O11
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Table 6
Vibration types of different IR wave numbers.

Range of wave
numbers (cm−1)

Vibration types

420–520 Bi–O–Bi vibration of [BiO6] octahedral [44,45]
680–720 Bending vibration of B–O–B in [BO3] triangles [47,48]
lasses.

The fluorescence spectra have been used to derive radiative
arameters like radiative transition probability (Arad), branching
atio (ˇr), radiative life time of excited state (�r) and stimulated
ross-section (�) etc. and these parameters are presented in Table 4.
t has already been noted that the conversion of BO3 units to BO4
nits takes place with the increase of Bi2O3 content, so it seems
hat the existence of BO4 units is more suitable for fluorescence.
he phonon energy for BO4 units is less than the corresponding
alue for BO3 units and this might be the reason for the enhanced
uorescence as the reduced phonon frequency decreases the rate
f non-radiative relaxation.

Therefore high spontaneous emission probability, large branch-
ng ratio and low maximum phonon energy is a necessary condition
or obtaining fluorescence emission because the emission efficien-
ies for a rare-earth ion are strongly related to the non-radiative
osses from relative excited states. Table 4 shows that the predicted
pontaneous emission probability for the transition 3P0 → 3F2
ncreases from 14,347 to 14,607 s−1 with increase in Bi2O3 concen-
ration. The branching ratio (ˇr) is evaluated for each transition and
alues are presented in Table 4. This table shows that the branching
atio (∼42%) for this emission is much larger than other transitions,
o this transition (3P0 → 3F2) of Pr3+ ions is reasonably efficient in
he present host. Fig. 4 depicts the probable lasing transition for the

r3+ ions.

For laser applications, the values of the emission cross-section
re of great interest. For calculating the stimulated emission cross-
ection, first the effective band width, 	� has been calculated using

able 5
bserved IR transmission bands in Pr3+ doped zinc bismuth borate glasses.

Sample no. IR transmission bands (cm−1)

ZBP1 1370 970 670 510
ZBP2 1360 960 680 490
ZBP3 1340 945 675 520
ZBP4 1320 940 680 500
ZBP5 1305 925 685 480
900–950 Stretching vibration of [BO4] units [49]
1200–1300 Stretching vibration of B–O–B in [BO3] triangles [47,48]

the formula [37]:

	� =
∫

I(�)d�

I(�0)
(11)

where
∫

I(�)d� represents the effective area of the peak and I(�0)
is the intensity of the peak at �0. The stimulated emission cross-
section has been calculated using Eq. (9) and are listed in Table 4. It
is observed that � increases with increase in Bi2O3 content. There-
fore, the large stimulated emission cross-section in the present
glass is an attractive feature for low-threshold, high gain appli-
cations and can be utilized to obtain continuous wave (CW) laser
action. It has been reported that in Nd3+ doped tellurite [38]
and lead borate glasses [39], Sm3+ doped zinc bismuth borate
[35], oxyfluoro-borate [40] and lead fluoro-borate glasses [41],
the radiative transition probabilities and the stimulated emission
cross-section are large. Laser action has been observed in lead
fluoro-borate as well as in tellurite glass systems. Radiative transi-
tion probabilities in the present glasses follow the same variations
with heavy metal oxides as those reported in zinc bismuth borate
[35], lead fluoro-borate [39] and tellurite glasses [38]; therefore
the present Pr3+ doped zinc bismuth borate glasses may be utilized
as potential laser material. Also the values of Arad obtained in the
present study are of the same order as reported by Zhang et al. [42]
in Pr3+ ion doped LKBBT and LKBBG glasses and by Okr et al. [43] in
Pr3+ ion doped borovanadate glasses.

4.3. Infrared spectroscopy

The IR spectra of the prepared glasses are shown in Fig. 5. From
the figure it is observed that the intensity of the band around
510 cm−1, corresponding to Bi–O–Bi vibration of distorted [BiO6]
octahedral units [44,45] increases and the band shifts to lower
wave numbers with increase in Bi2O3 content (Tables 5 and 6). The
absence of the vibration band around 840 cm−1 corresponding to
[BiO3] polyhedra [46] implies that only [BiO6] octahedral units build
up the bismuthate structure of the investigated glasses.

The band corresponding to the bending vibration of B–O–B in
[BO3] units shifts from 670 cm−1 (ZBP1) to 685 cm−1 (ZBP5) [47,48].
This shift may be due to the influence of the electrostatic field asso-
ciated with the strongly polarizing Bi3+ ions. The increase in Bi2O3
content results in the increase of the electron cloud density around
oxygen of [BO3] units, thereby, leading to an increase in the roll
torque of B–O–B bond and consequently contributes to the shifting
of the bending vibration B–O–B bond towards higher wave number.
The infrared spectral range 900–950 cm−1 (Table 6) is typical for
the stretching vibration of [BO4] units [49]. The existence of [BO4]
units indicates that the addition of Bi2O3 into the glass replacing
B2O3 causes a progressive conversion of [BO3] units to [BO4] units.
The band between 1200 and 1400 cm−1 (Table 6) is assigned to the
stretching vibration of [BO3] units [47,48].

5. Conclusions
The optical properties of Pr3+ ions doped zinc bismuth borate
glasses have been studied. Effect of bismuth oxide on the absorp-
tion and emission spectra were investigated with the help of
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