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a b s t r a c t

This article presents the optical absorption and emission properties of Pr3+ and Nd3+ doped
two different mixed alkali chloroborate glass matrices of the type 70B2O3·xLiCl·(30 − x)NaCl and
70B2O3·xLiCl·(30 − x)KCl (x = 5, 10, 15, 20 and 25). The variation of Judd–Ofelt parameters (˝2, ˝4 and
˝6), total radiative transition probabilities (AT), radiative lifetimes (�R) and emission cross-sections (�p)
eywords:
orate glass
bsorption
hotoluminescence
ross-section

with the variation of alkali contents in the glass matrix have been discussed in detail. The changes in
the peak wavelengths of the hypersensitive transition and intensity parameters with x are correlated to
the structural changes in the host matrix. The estimated radiative lifetimes of certain excited states of
Pr3+ and Nd3+ in these two glass matrices are reported. Peak stimulated emission cross-sections (�P) are
reported for the observed emission transitions of Pr3+ and Nd3+ ions. Branching ratios (ˇ) of the observed
emission transitions obtained from the Judd–Ofelt theory are compared with the values obtained from

the emission spectra.

. Introduction

Rare earth ions doped glassy matrices have become an attrac-
ive area of research due to their potential applications for optical
elecommunications and laser technology [1,2]. Among different
are earth ions, Pr3+ has a unique feature which is due to close
nergy separation between the lower edge of the 4f5d configu-
ation and 1So level of 4f2 configuration. Pr3+ doped glasses find
umerous applications such as UV–VIS–NIR lasers, up converters,
ptical fibers and optical amplifiers [3]. Pr3+ ion is considered as
promising activator for tunable UV solid state lasers, lamp phos-
hors, scintillation detectors, etc. [4,5]. Pr3+ ion has a very wide NIR
pontaneous emission band (3.5–5.5�m), but it suffers from find-
ng a suitable host material due to its tightly spaced energy levels
<2500 cm−1) [6]. Among other rare earth ions, Nd3+ is the most
idely investigated ion in a variety of glasses not only because of

ts applications but also because of the variations in its properties
ith composition. These properties include absorption and emis-
ion cross-sections, radiative and non-radiative transition rates and
uantum efficiencies. Nd3+ ion has been recognized as one of the
ost efficient ions for obtaining laser emission in the NIR region

7–9].
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A glass exhibits non-linear variation in its properties (that
include density, viscosity, glass transition temperature and con-
ductivity) when one alkali component in a multicomponent glass
is systematically replaced by another species [10–12]. Besides the
glasses containing only alkali ions, this non-linear behavior is
exhibited by certain mixed alkali–alkaline earth oxide glasses also
[13]. This phenomenon is referred to as ‘mixed alkali effect’ and is
useful in manufacturing low loss electrical glass [10]. To study the
mixed alkali phenomenon, borate glasses proved to be promising
hosts to investigate the influence of chemical environment, struc-
tural diversity of ligand groups and spectroscopic properties of the
materials [14]. For the alkali borate glasses, the abrupt changes in
properties are observed near 15–20 mol% of modifier oxide [15,16].
In spite of numerous investigations, there appears to be no univer-
sally accepted mechanism for various mixed alkali effects.

It is well known that the radiative properties of rare earth ions in
glass hosts can be described by the phenomenological application
of Judd–Ofelt [17,18] theory. Earlier, the authors have studied the
effect of mixed alkalis on absorption and photoluminescence spec-
tra of Pr3+ and Er3+ doped borate glasses by employing Judd–Ofelt
theory [19]. In the present work, the authors are interested to

study the effect of mixed alkalis in two different chloroborate glass
hosts using Pr3+ and Nd3+ as probing ions, keeping in view of the
numerous applications of borate glasses. This work presents the
results of investigations on the variation in Judd–Ofelt intensity
parameters (˝2, ˝4 and ˝6), radiative lifetimes (�R) and emis-

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:ratnakaram_yc@yahoo.co.in
dx.doi.org/10.1016/j.jallcom.2010.03.139
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ion cross-sections (�p) with the variation of alkali contents in the
lass matrix. The branching ratios (ˇ) and integrated absorption
ross-sections (

∑
) have been computed for certain excited states

f Pr3+ and Nd3+ in these mixed alkali chloroborate glass hosts.
mission spectra of these two rare earths doped two mixed alkali
hloroborate glasses are also studied.

. Experimental

Mixed alkali chloroborate glasses doped with Pr3+ and Nd3+ ions were prepared
sing standard melt quenching technique. The chemicals used in the present work
re H3BO3, LiCl, NaCl, KCl, Pr6O11 and Nd2O3 of 99.9% purity for preparing glass
amples. The anhydrous chlorides were dried by heating the samples at appropriate
emperatures under vacuum. A small amount of ammonium chloride was added to
hese dehydrated chlorides in order to remove impurities. About 6–10 g of batch
ompositions were mixed in a specially made clay crucible and heated for 2 h in
n electric furnace initially at a temperature of 400 ◦C. Then the mixture was kept
t 950 ◦C. The melt was thoroughly shaken at 15 min interval in order to ensure
omogeneity. These melts were quenched between two preheated brass plates. The
urfaces of the samples were polished to a uniform thickness of 1–2 mm. The glass
ompositions studied in the present work are

1) 69.8B2O3·xLiCl·(30 − x)NaCl.0.2Pr6O11 and 69.8B2O3·xLiCl·(30 − x) KCl.0.2Pr6O11

(x = 5, 10, 15, 20 and 25);
2) 69.8B2O3·xLiCl·(30 − x)NaCl.0.2Nd2O3 and 69.8B2O3·xLiCl·(30 − x)KCl.0.2Nd2O3

(x = 5, 10, 15, 20 and 25)

Refractive indices of the glass samples were measured by using Abbe refrac-
ometer using monobromonaphthalene as adhesive liquid while for density

easurements; Archimedes principle was employed using xylene as immersion

iquid. The rare earth ion concentrations were obtained using measured densi-
ies and molecular weights. The absorption spectra in the wavelength regions,
00–2200 nm (for Pr3+) and 400–900 nm (for Nd3+) have been recorded using
ASCO V-570 spectrometer (spectral resolution 0.1 nm). The luminescence spec-
ra were obtained using SPEX Fluorolog-2 fluorometer (Model-II), 444 nm being
he excitation wavelength for Pr3+ and TRIX 550 monochromator with liquid

ig. 1. Absorption spectra of Pr3+doped lithium–sodium mixed alkali chloroborate
lasses.
Fig. 2. Absorption spectra of Nd3+doped lithium–sodium mixed alkali chloroborate
glasses.

nitrogen cooled under excitation wavelength 514 nm for Nd3+ (spectral resolution
1 nm).

3. Results and discussion

3.1. Spectral intensities and intensity parameters

The room temperature optical absorption spectra of Pr3+ and
Nd3+ ions doped lithium–sodium chloroborate (LSCB) glass are
shown in Figs. 1 and 2 respectively. Similar spectra have been
obtained in lithium–potassium glass (LPCB) for both the ions. Hence
the spectra have not shown. In the case of Pr3+ ion, seven absorp-
tion peaks are observed for all the glass compositions of both LSCB
and LPCB glasses. These absorption peaks correspond to transi-
tions from the ground state, 3H4 to various excited states. The
observed band energies are compared with the calculated band
energies (using the method described in Ref. [20]) and a good
agreement is found between them. In the case of Nd3+ ion, eight
absorption peaks are observed for all the glass compositions of
both LSCB and LPCB glasses. In addition to these peaks, some
more absorption peaks (as shown in Fig. 2) are observed for cer-
tain glass compositions. These absorption peaks correspond to
transitions from the ground state, 4I9/2 to various excited states.
From the observed band energies, Racah (E1, E2 and E3), spin–orbit
interaction (�4f), configuration interaction (�) (for Nd3+ ion only)

1 3 2 3
parameters and hydrogenic ratios (E /E and E /E ) are evaluated
for both Pr3+ and Nd3+ ions in these glass matrices and are pre-
sented in Table 1. From the table, it is observed that the changes
in E2 and E3 parameters for both Pr3+ and Nd3+ ions are very small
for different x values in both LSCB and LPCB glass matrices. The
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Table 1
Racah (E1, E2, E3), spin–orbit interaction (�4f) and configuration interaction (˛) parameters and hydrogenic ratios of Pr3+ and Nd3+ doped mixed alkali chloroborate glasses.

S. no. Parameter Lithium–sodium Lithium–potassium

x = 5 x = 10 x = 15 x = 20 x = 25 x = 5 x = 10 x = 15 x = 20 x = 25

Praseodymium
1 E1 4603.0 4472.6 4564.9 4527.4 4531.1 4450.6 4517.8 4573.8 4571.0 4582.7
2 E2 21.7 21.9 21.8 22.3 22.3 22.6 22.0 21.7 21.8 21.9
3 E3 456.3 454.0 454.3 455.7 456.3 455.6 454.6 454.9 455.9 456.0
4 �4f 830.5 860.7 839.9 834.9 827.9 834.0 848.2 836.8 837.4 833.6
5 E1/E3 10.08 9.85 10.04 9.93 9.92 9.76 9.93 10.05 9.74 10.04
6 E2/E3 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.004

Neodymium
1 E1 5119.2 5086.5 5099.6 5111.4 5036.0 5075.1 5134.2 5070.4 5054.3 5045.6
2 E2 23.1 23.1 22.7 23.1 23.9 23.3 22.6 23.4 23.6 23.9
3 E3 489.5 488.8 488.4 489.5 491.5 489.4 487.2 491.2 490.9 492.6
4 �4f 859.5 865.5 862.5 860.1 891.5 866.5 855.2 868.5 872.3 885.4
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5 � −1.97 −2.74 −3.57 −2.23
6 E1/E3 10.46 10.40 10.44 10.44
7 E2/E3 0.05 0.05 0.04 0.04

ydrogenic ratios (E1/E3 and E2/E3) for both the ions are nearly
ame for all the glass compositions indicating unperturbed radial
roperties.

The experimental (fexp) and calculated (fcal) spectral intensities
f the observed absorption bands of Pr3+ and Nd3+ ions doped LSCB
nd LPCB glasses are obtained using the procedure explained in
ef. [20]. For calculating the spectral intensities of the overlapped
eaks, the areas of the peaks are estimated by extrapolating up to
he baseline. The experimental spectral intensities of the observed
ands of Pr3+ and Nd3+ ions in these two glass matrices are pre-
ented in Table 2 for all the compositions studied. It is observed that
or both Pr3+ and Nd3+ ions in these two glass matrices, there is a
ood agreement between the experimental and calculated spectral
ntensities and the RMS deviations are small confirming the validity
f approximations made in the Judd–Ofelt theory. For Pr3+ ion, the
pectral intensities are found to be higher at x = 25 mol% (lithium
ich) and lower at x = 5 mol% (sodium rich) for all the excited states
n LSCB glass. In case of LPCB glass, the spectral intensities are found
o be higher at x = 5 mol% (potassium rich). These results indicate
igher crystal field asymmetries at x = 25 mol% in LSCB glass and at
= 5 mol% in LPCB glass. The best set of Judd–Ofelt intensity param-
ters (˝2, ˝4 and ˝6) of Pr3+ and Nd3+ doped LSCB and LPCB glasses
re obtained using the formulae given in Ref. [20] and are presented
n Table 3. These intensity parameters depend on the host glass
omposition [21]. Out of the three intensity parameters, ˝2 param-
ter is related to covalency and structural changes in the vicinity
f the rare earth ions whereas ˝4 and ˝6 parameters are indica-
ive of rigidity of the medium. In the present work, it is observed
hat the covalency between Pr3+ cation and oxygen anion is lower
high ionicity) at x = 15 mol% (as ˝2 parameter is small) in both
SCB and LPCB glasses. It was suggested by Oomen and Van Don-
en [22] that sometimes it is useful to observe the variation of the
um of the Judd–Ofelt intensity parameters,

∑
˝� with the vari-

tion in covalency. In the present work,
∑

˝� parameter (shown
n Table 3) follows the same trend as the ˝2 parameter in LSCB
lass. In the case of LPCB glass,

∑
˝� gradually decreases with an

ncrease in lithium content from x = 5 mol% to 20 mol% and shows
n increment at x = 25 mol%. Variation of ˝2 and

∑
˝� param-

ters with x in the glass matrix is shown in Fig. 3 for both the
lasses.

In the case of Nd3+ ions, for most of the transitions, the spec-

ral intensities are found to be lower at x = 5 mol% (sodium rich) in
SCB glass and at x = 10 mol% in LPCB glass indicating lower crys-
al field asymmetries at these compositions. The spectral intensities
re higher at x = 15 mol% in LPCB glass indicating higher crystal field
symmetry. From the magnitude of Judd–Ofelt intensity parame-
−0.52 −2.44 −4.55 −0.72 −0.48 −0.72
10.24 10.37 10.53 10.32 10.29 10.24

0.05 0.04 0.04 0.04 0.05 0.05

ters, for Nd3+ ion, it is observed that the covalency is lower (as ˝2
parameter is small) at x = 20 mol% in LSCB glass and at x = 10 mol%
in LPCB glass. The sum of the intensity parameters,

∑
˝� follows

the same trend as the ˝2 parameter in both LSCB and LPCB glass
matrices. The rigidity of the glass matrix is lower (as ˝6 parameter
is small) at x = 5 mol% in LSCB glass and at x = 10 mol% in LPCB glass.
Variation of ˝2 and

∑
˝� parameters with x in the glass matrix in

both the glass matrices is shown in Fig. 4.

3.2. Hypersensitive transitions

The spectral intensities of certain transitions of rare earth ions
are sensitive to the environment. These transitions are called as
hypersensitive transitions [21]. 3H4 → 3F2 is the hypersensitive
transition for the Pr3+ ion and 4I9/2 → 4G5/2 + 2G7/2 is the hypersen-
sitive transition for Nd3+ ion. Normally, the position and intensities
of the hypersensitive transitions are largely dependent on the local
environment of the rare earth ion and in turn affects the magni-
tude of intensity parameters. The shift in the peak wavelength of
the hypersensitive transition towards shorter wavelength with the
increase of x because of nephelauxetic effect [21] indicates that the
degree of covelancy of R–O bond decreases with increasing x. Peak
wavelengths of the hypersensitive transition (�P) and ˝2 parame-
ters of Pr3+ ions in LSCB and LPCB glasses in different compositions
are given below.

x (in mol%) Wavelength (nm) ˝2 (×1020 cm2)

LSCB LPCB LSCB LPCB

5 1916.0 1901.5 14.01 31.81
10 1916.1 1908.3 29.81 24.96
15 1908.5 1908.0 9.62 12.61
20 1900.5 1912.9 17.95 21.56
25 1909.4 1900.5 37.31 23.57

From the above data it is observed that in LSCB glass, there
is a shift in hypersensitive band towards shorter wavelength
(1908.5–1900.5 nm) with an increase of x from 15 mol% to 20 mol%
but the ˝2 parameter increased largely. This indicates some
structural changes in LSCB glass matrix between x = 15 mol% and
x = 20 mol%. In case of LPCB glass, structural changes are observed at

x = 5–10 mol% from the variation of peak wavelength of the hyper-
sensitive transition and ˝2 parameter. In the case of Nd3+ ions, in
both the glass matrices, variation in covalency (˝2 parameter) is
similar to the variation in the intensities of the hypersensitive tran-
sition for different x values in the glass matrix. Peak wavelengths of
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Table 2
Experimental spectral intensities (fexp) of certain excited states of Pr3+ (fexp × 105) and Nd3+ (fexp × 106) doped mixed alkali chloroborate glasses.

S. no. Excited level Lithium–sodium Lithium–potassium

x = 5 x = 10 x = 15 x = 20 x = 25 x = 5 x = 10 x = 15 x = 20 x = 25

Praseodymium
1 3F2 1.01 1.86 1.42 2.19 3.28 3.03 2.19 1.58 1.84 1.81
2 3F3 + 3F4 3.11 5.82 4.62 6.79 11.33 8.32 6.39 5.69 4.29 5.56
3 1G4 0.05 0.41 0.05 0.12 0.19 0.14 0.10 0.09 0.08 0.86
4 1D2 0.58 0.90 0.84 1.15 1.68 1.11 1.06 0.99 0.83 0.77
5 3P0 0.33 0.64 1.23 1.48 1.61 1.69 1.08 1.05 0.78 0.66
6 3P1 + 1I6 0.41 0.58 1.74 2.47 2.01 2.68 1.62 1.66 1.62 0.87
7 3P2 1.27 1.34 3.39 4.76 5.47 5.26 2.40 3.54 3.19 2.53

Rms deviation ±0.15 ±0.50 ±0.85 ±1.13 ±0.69 ±1.16 ±0.19 ±0.71 ±2.36 ±0.27

Neodymium
1 4F3/2 2.23 3.45 3.69 3.23 3.78 2.87 3.18 3.33 3.00 3.13
2 4F5/2, 2H9/2 10.07 15.90 16.21 14.80 14.20 14.20 8.22 15.31 12.60 12.70
3 4F7/2, 4S3/2 11.30 18.70 16.64 14.81 15.03 15.11 9.38 17.70 13.41 11.90
4 4F9/2 0.89 1.65 2.20 1.24 1.44 1.39 0.82 1.44 1.14 1.31
5 2H11/2 0.29 0.51 0.51 0.34 0.44 0.43 0.20 0.59 0.33 0.33
6 4G5/2,2G7/2 33.70 57.30 53.62 36.30 68.60 44.82 24.61 48.70 45.40 39.60
7 2K13/2,4G7/2 6.19 10.40 7.93 8.56 12.01 8.10 3.36 8.86 7.81 7.10
8 4G9/2 3.11 4.49 3.26 4.18 5.32 4.24 0.92 4.52 4.61 4.68
9 2K15/2,2G9/2, 2D3/2 – 0.73 – 0.67 1.19 0.67 – 0.72 0.52 1.02

10 4G11/2 – – – – 0.82 – – – – 0.81
11 2P1/2 – – – – 0.73 0.82 – – 0.56 0.47

Rms deviation ±0.57 ±0.87 ±0.98 ±0.91 ±0.98 ±0.82 ±0.94 ±0.87 ±0.95 ±0.95

Table 3
Judd–Ofelt intensity parameters (˝�×1020) (cm2) of Pr3+ and Nd3+ doped mixed alkali chloroborate glasses.

S. no. Parameter Lithium–sodium Lithium–potassium

x = 5 x = 10 x = 15 x = 20 x = 25 x = 5 x = 10 x = 15 x = 20 x = 25

Praseodymium
1 ˝2 14.01 29.80 9.62 17.95 37.31 31.81 24.96 12.61 21.56 23.57
2 ˝4 3.18 0.608 17.75 23.24 18.22 25.02 14.92 15.53 13.86 7.21
3 ˝6 19.93 38.75 26.61 39.43 71.53 48.59 38.48 34.74 24.49 35.20
4 �˝� 27.12 69.16 53.98 80.62 127.06 105.42 78.36 62.87 59.91 65.98

Neodymium
1 ˝2 9.41 17.09 15.34 8.79 20.16 12.59 6.32 14.05 12.84 10.07
2 ˝4 4.30 5.52 6.28 6.84 7.73 5.58 4.03 5.37 5.64 6.75
3 ˝6 7.77 12.51 11.49 10.2 9.80 10.32 6.05 11.85 9.01 8.21
4 �˝� 21.48 35.12 33.11 25.83 37.69 28.49 16.40 31.27 27.49 25.03

Fig. 3. Variation of ˝2 and �˝� parameters with x in Pr3+ doped lithium–sodium (LSCB) and lithium–potassium (LPCB) mixed alkali chloroborate glasses.
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Fig. 4. Variation of ˝2 and �˝� parameters with x in Nd3+ doped lithium–

he hypersensitive transition (�P) and ˝2 parameters of Nd3+ ions
n LSCB and LPCB glasses in different compositions are given below.

x (in mol%) Wavelength (nm) ˝2 (×1020 cm2)

LSCB LPCB LSCB LPCB

5 582.1 582.2 9.41 12.59
10 581.8 583.6 17.09 6.32
15 582.0 581.8 15.34 14.05
20 582.1 581.6 8.79 12.84
25 581.4 580.4 20.16 10.07

From the above data, it is observed that in the case of Nd3+ doped
SCB glass, the change in peak wavelength of the hypersensitive
ransition with x in the glass matrix is very small indicating that
tructural changes are not influencing the covalency of Nd–O bond.

n case of LPCB glass, some structural changes were observed at
= 10–15 mol%. The spectral profiles of the hypersensitive transi-

ions appeared to be same for both Pr3+ and Nd3+ ions in LSCB and
PCB glass hosts at different compositions.

able 4
adiative lifetimes (�R) (�s) of certain excited states of Pr3+ and Nd3+ doped mixed alkali

S. no. Excited level Lithium–sodium

x = 5 x = 10 x = 15 x = 20

Praseodymium
1 3P1 12.1 7.2 6.7 4.5
2 3P0 11.9 7.4 6.5 4.4
3 1D2 90.4 48.4 73.9 46.3
4 3F3 419.9 233.5 278.9 187.1

Neodymium
1 4G9/2 47.9 29.2 30.5 41.8
2 4G7/2 50.3 30.0 32.0 45.4
3 4G5/2 32.9 19.5 20.8 29.9
4 2H11/2 1626.3 1011.4 1077.2 1406.0
5 4F9/2 203.2 131.0 136.5 151.0
6 4F5/2 173.5 114.1 117.4 126.0
7 4F3/2 229.7 152.7 155.0 164.3
m (LSCB) and lithium–potassium (LPCB) mixed alkali chloroborate glasses.

3.3. Radiative lifetimes

Radiative lifetimes (�R), branching ratios (ˇ) and integrated
absorption cross-sections (

∑
) for certain excited states of Pr3+ and

Nd3+ doped LSCB and LPCB glass matrices are evaluated using the
formulae given in Ref. [23]. Estimated radiative lifetimes (�R) of
the excited states, 3P1, 3P0, 1D2 and 3F3 of Pr3+ ion in LSCB and
LPCB glasses are presented in Table 4. It is observed that the mag-
nitudes of radiative lifetimes for these excited states are higher at
x = 5 mol% (sodium rich) and lower at x = 25 mol% (lithium rich) in
LSCB glass. In the case of LPCB glass, the radiative lifetimes of all
the excited states are lower at x = 5 mol% (potassium rich). Among
these four excited states, 3F3 shows significantly higher radiative
lifetimes in both the glass matrices at all the glass compositions.
The branching ratios (ˇ) and integrated absorption cross-sections

(
∑

) for certain transitions of Pr3+ ions which are observed in emis-
sion spectra are presented in Table 5. It is observed that among
the five glass compositions studied, 3P0 → 3H4 transition has higher
branching ratio at x = 15 mol% in LSCB glass. These studies suggest

chloroborate glasses.

Lithium–potassium

x = 25 x = 5 x = 10 x = 15 x = 20 x = 25

3.4 3.6 5.1 6.3 6.0 6.6
3.4 3.5 4.9 6.3 5.8 6.5

27.9 33.5 44.8 63.2 55.9 50.9
119.1 149.2 200.2 235.7 275.3 235.2

24.8 36.4 63.6 33.5 36.3 40.3
25.5 37.8 68.2 34.7 37.8 42.7
16.4 24.7 45.0 22.6 24.5 27.7

885.1 1270.2 2230.6 1160.6 1290.0 1425.9
149.4 153.8 253.7 137.7 172.8 179.1
122.1 131.0 211.3 119.1 145.0 144.7
157.9 173.5 275.0 159.4 190.1 187.0
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Table 5
Branching ratios (ˇ) and integrated absorption cross-sections (�) of the observed emission transitions of Pr3+ and Nd3+ in lithium–sodium and lithium–potassium chloroborate
glasses.

S. no Transition Parameter Lithium–sodium Lithium–potassium

x = 5 x = 10 x = 15 x = 20 x = 25 x = 5 x = 10 x = 15 x = 20 x = 25

Praseodymium
1 3P0 → 3H4 ˇ 0.176 0.20 0.521 0.497 0.286 0.395 0.339 0.442 0.370 0.219

� 16.50 3.12 91.03 120.22 94.35 129.13 76.99 79.76 71.64 37.41

2 1D2→3H4 ˇ 0.304 0.297 0.370 0.344 0.345 0.300 0.308 0.388 0.260 0.309
� 34.06 65.53 45.02 67.28 122.19 82.70 65.46 58.80 41.75 60.19

Neodymium
1 4F3/2 → 4I9/2 ˇ 0.353 0.327 0.352 0.379 0.400 0.352 0.379 0.330 0.371 0.409

� 5.78 8.02 8.49 8.69 9.48 7.58 5.15 7.74 7.32 8.18

2 4F3/2 → 4I11/2 ˇ 0.533 0.553 0.534 0.516 0.500 0.535 0.515 0.550 0.521 0.495
� 12.8 19.93 18.92 17.37 17.31 16.95 10.30 18.98 15.14 14.58

4 4 ˇ 0.109 0.115 0.109 0.101 0.095 0.108 0.101 0.114 0.103 0.093
5.6

t
l

2

m
t
x
a
t
x
c
e
t
p
d
r
s
t
b
g
m
t
N

3

r
e
i

W

w
a
i
t
o
w
s
B
v
i
r
e

3 F3/2 → I13/2
� 4.29 6.88 6.34

hat the transition, 3P0 → 3H4 at x = 15 mol% may be suitable for
aser excitation.

Radiative lifetimes of the excited states, 4G9/2, 4G7/2, 4G5/2,
H11/2, 4F9/2, 4F5/2 and 4F3/2 of Nd3+ ions in LSCB and LPCB glass
atrices are estimated and are given in Table 4. It is observed

hat the radiative lifetimes of all the excited states are higher at
= 5 mol% (sodium rich) and lower for some of the excited states
t x = 25 mol% in LSCB glass. In the case of LPCB glass, the radia-
ive lifetimes are found to be higher at x = 10 mol% and lower at
= 15 mol%. The branching ratios (ˇ) and integrated absorption
ross-sections (

∑
) for certain transitions, which are observed in

mission spectra are presented in Table 5. It is observed that the
ransition, 4F3/2 → 4I11/2 has higher branching ratios when com-
ared with other transitions in both the glass matrices. Among
ifferent compositions studied, this transition has higher branching
atio at x = 10 mol% in LSCB glass. The integrated absorption cross-
ections (

∑
) are also higher for this transition at x = 10 mol%. In

he case of LPCB glass, the transition, 4F3/2 → 4I11/2 shows higher
ranching ratio at x = 15 mol%. Therefore, at x = 10 mol% in LSCB
lass and at x = 15 mol% in LPCB glass, the transition, 4F3/2 → 4I11/2
ay be favorable for laser excitation. Variation of total radiative

ransition probabilities (AT) of certain excited states of Pr3+ and
d3+ with x in the glass matrix is shown in Fig. 5.

.4. Non-radiative properties

The exponential dependence of the multiphonon relaxation
ate, WMPR on the energy gap to the next lower level �E has been
xperimentally established for a number of crystals and glasses and
s given by Ref. [24]

MPR = C exp [−˛�E] (n (ω, p) + 1)p (1)

here C and ˛ are positive, host dependent constants, which are
lmost independent of the specific 4f level of trivalent rare earth
ons except in a few cases, �E is the energy gap between the emit-
ing and closest lower electronic level, ω the stretching frequency
f the glass forming groups and P = �E/h̄ω the number of phonons
hich must be emitted in order to conserve energy during the tran-

ition. The explicit temperature dependence of WMPR through the

ose–Einestein occupation number, n = 1/(exp (h̄ω/KT) − 1) pro-
ides a way to determine the number and energy of the phonons
nvolved in the decay process. In the present work, non-radiative
elaxation rate constants (WMPR) were calculated for various Pr3+

xcited states in these mixed alkali chloroborate glasses (using
2 5.43 5.68 3.33 6.53 4.95 4.51

the values ˛ = 3.8 × 10−3 cm−1 and C = 2.9 × 10−12 s−1 reported for
borate glasses [25]) and are presented in Table 6 for all the glasses
studied.

3.5. Luminescence spectra

Fig. 6 shows the photoluminescence spectra of Pr3+ (under the
excitation wavelength, 444 nm) and Nd3+ (under the excitation
wavelength, 514 nm) doped LSCB glass matrix for different x values
in the glass matrix. Similar spectra have been observed in the case
of LPCB glass. Hence the spectra are not shown. The spectra exhibit
two emission peaks corresponding to the transitions, 3Po → 3H4
and 1D2 → 3H4 nearly at 490 nm and 603 nm respectively in all the
compositions. It is observed that the intensity of the peak corre-
sponding to the transition, 3Po → 3H4 is found to be more in LPCB
glass as compared to LSCB glass except at x = 15 mol% and 20 mol%.
It is also observed that the intensity of the transition, 1D2 → 3H4
is found to be increased with the increase of x from 5 mol% to
25 mol% in LPCB glass. The peak stimulated emission cross-sections
(�p) for the two emissions have been evaluated using the formula
given in Ref. [26]. Table 7 presents peak stimulated emission cross-
sections (�p) for the above two transitions of Pr3+ in LSCB and LPCB
glass matrices. It is observed that the emission cross-section for
the transition, 3Po → 3H4 is more at x = 20 mol% in LSCB glass and
at x = 5 mol% (potassium rich) in LPCB glass. For 1D2 → 3H4 transi-
tion, �p value is higher at x = 25 mol% (lithium rich) and at x = 5 mol%
(potassium rich) in these two glass matrices. The emission cross-
section for the transition, 3Po → 3H4 obtained in the present work
is slightly of higher order when compared to those reported by
Srinivasa Rao et al. [27] in alkali borate glasses.

In the case of Nd3+ ions, the spectra exhibit three emission
peaks corresponding to transitions, 4F3/2 → 4I9/2, 4F3/2 → 4I11/2 and
4F3/2 → 4I13/2 nearly at 905 nm, 1080 nm and 1350 nm respectively.
The peak stimulated emission cross-sections (�p) are calculated for
these three emission peaks and are presented in Table 7 for all the
compositions. Among these three emission transitions, the tran-
sition, 4F3/2 → 4I11/2 has higher magnitudes of cross-section when
compared to the other two transitions in both the glasses. This tran-
sition has higher emission cross-section at x = 10 mol% in LSCB glass

and at x = 15 mol% in LPCB glass. Hence, the transition, 4F3/2 → 4I11/2
at x = 15 mol% in LPCB glass is more suitable for laser excitation in
view of its better emission cross-section. From the emission spec-
tra of Pr3+ and Nd3+ ions, branching ratios of the observed emission
transitions are obtained from the areas of the emission peaks exper-
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Fig. 5. (a) Variation of AT with x in Pr3+ doped lithium–sodium (LSCB) and lithium–potassium (LPCB) mixed alkali chloroborate glasses. (b) Variation of AT with x in Nd3+

doped lithium–sodium (LSCB) and lithium–potassium (LPCB) mixed alkali chloroborate glasses.

Table 6
Non-radiative relaxation rates (WMPR) (s−1) of certain transitions of Pr3+ doped mixed alkali chloroborate glasses.

Transition Lithium-sodium Lithium–potassium

x = 5 x = 10 x = 15 x = 20 x = 25 x = 5 x = 10 x = 15 x = 20 x = 25

3P2 → 1I6 6.18 × 1010 3.25 × 1010 6.67 × 1010 5.88 × 1010 5.86 × 1010 6.49 × 1010 5.23 × 1010 6.93 × 1010 6.33 × 1010 5.86 × 1010

1I6 → 3P1 1.43 × 1012 1.44 × 1012 1.02 × 1012 1.26 × 1012 1.29 × 1012 1.37 × 1012 1.27 × 1012 1.27 × 1012 1.57 × 1012 1.29 × 1012

3P1 → 3P0 2.74 × 1011 1.72 × 1011 3.17 × 1011 3.09 × 1011 3.09 × 1011 2.70 × 1011 2.69 × 1011 2.40 × 1011 2.34 × 1011 3.11 × 1011

3P0 → 1D2 1.40 × 106 1.53 × 106 1.62 × 106 1.53 × 106 1.47 × 106 1.44 × 106 1.51 × 106 1.56 × 106 1.43 × 106 1.55 × 106

1D2 → 1G4 1.02 × 101 1.45 × 101 1.01 × 101 4.63 4.73 3.49 9.13 1.16 × 101 1.02 × 101 7.70
1G4 → 3F4 4.80 × 106 4.03 × 106 5.26 × 106 1.03 × 107 9.15 × 106 1.61 × 107 6.35 × 106 4.71 × 106 5.48 × 106 5.71 × 106

3F4 → 3F3 1.86 × 1012 2.24 × 1012 1.79 × 1012 1.75 × 1012 1.95 × 1012 1.67 × 1012 1.65 × 1012 1.90 × 1012 1.68 × 1012 1.81 × 1012

3F3 → 3F2 2.09 × 1010 2.08 × 1010 2.25 × 1010 2.39 × 1010 2.39 × 1010 2.60 × 1010 2.22 × 1010 2.43 × 1010 2.31 × 1010 2.44 × 1010

3F2 → 3H4 7.60 × 103 7.63 × 103 7.05 × 103 6.63 × 103 6.63 × 103 6.10 × 103 7.13 × 103 6.53 × 103 6.86 × 103 6.51 × 103



104 C. Venkateswarlu et al. / Journal of Alloys and Compounds 502 (2010) 97–106

Fig. 6. Emission spectra of Pr3+ and Nd3+ doped lithium–sodium mixed alkali chloroborate glasses.

Table 7
Emission cross-sections (�P) of the observed emission transitions of Pr3+ and Nd3+ doped mixed alkali chloroborate glasses.

S. no. Transition Lithium–sodium Lithium–potassium

x = 5 x = 10 x = 15 x = 20 x = 25 x = 5 x = 10 x = 15 x = 20 x = 25

Praseodymium
1 3P0 → 3H4 0.225 0.047 1.301 1.785 1.413 1.809 1.217 1.174 1.066 0.531
2 1D2 → 3H4 0.445 0.919 0.547 0.857 1.718 1.056 0.879 0.818 0.553 0.801

Neodymium
4 4

i
o
a
r

T
E
c

1 F3/2 → I9/2 0.96 1.33 1.40 1.50
2 4F3/2 → 4I11/2 3.60 5.57 5.47 4.48
3 4F3/2 → 4I13/2 1.16 2.15 1.91 1.56
mentally. Experimental and calculated branching ratios for the
bserved transitions are given in Table 8. It is observed that there is
good correlation between experimental and calculated branching

atios of the emission transitions of Nd3+ in the two glass matrices.

able 8
xperimental (ˇexp) and calculated branching ratios (ˇcal) for observed emission trans
hloroborate glasses.

S. no Transition Parameter Lithium–sodium

x = 5 x = 10 x = 15 x =

Praseodymium
1 3P0 → 3H4 ˇexp 0.162 0.235 0.277 0.

ˇcal 0.176 0.200 0.521 0.

2 1D2 → 3H4 ˇexp 0.837 0.765 0.722 0.
ˇcal 0.304 0.297 0.370 0.

Neodymium
1 4F3/2 → 4I9/2 ˇexp 0.281 0.281 0.286 0.

ˇcal 0.353 0.327 0.352 0.

2 4F3/2 → 4I11/2 ˇexp 0.583 0.600 0.599 0.
ˇcal 0.533 0.553 0.534 0.

3 4F3/2 → 4I13/2 ˇexp 0.135 0.119 0.115 0.
ˇcal 0.109 0.115 0.109 0.
1.56 1.19 0.92 1.35 1.22 1.46
4.76 4.60 3.26 5.83 3.97 4.53
1.62 1.77 1.02 2.33 1.76 1.31

3+
But in the case of Pr ion, some differences between experimental
and calculated branching ratios are observed. Variation of emission
intensities with x value in the glass matrices is shown in Fig. 7 for
both Pr3+ and Nd3+ ions.

itions of Pr3+ and Nd3+ in lithium–sodium and lithium–potassium mixed alkali

Lithium–potassium

20 x = 25 x = 5 x = 10 x = 15 x = 20 x = 25

414 0.304 0.437 0.399 0.410 0.249 0.189
470 0.286 0.395 0.339 0.442 0.370 0.219

586 0.695 0.562 0.660 0.589 0.751 0.810
344 0.345 0.300 0.308 0.388 0.260 0.309

250 0.264 0.273 0.285 0.276 0.269 0.257
379 0.400 0.352 0.379 0.330 0.371 0.409

626 0.617 0.599 0.590 0.616 0.627 0.607
516 0.500 0.535 0.515 0.550 0.521 0.495

122 0.119 0.126 0.124 0.107 0.104 0.135
101 0.095 0.108 0.101 0.114 0.103 0.093
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ig. 7. (a) Variation of emission intensity with x in Pr3+ doped lithium–sodium (L
mission intensity with x in Nd3+ doped lithium–sodium (LSCB) and lithium–potass

.6. Optical band gaps

Optical band gaps (Eopt) for both direct and indirect transitions
an be obtained following Davis and Mott theory [28] using the
quation

(ω) = B
(h̄ω − Eopt)

n

h̄ω
(2)
here ˛(w) is the absorption coefficient, B is a constant and Eopt is
he optical band gap. For direct transitions n = 1/2 and for indirect
ransitions n = 2. From the plots of (˛h̄ω)2 and (˛h̄ω)1/2 as a function
f photon energy h̄ω, Eopt values can be obtained for direct and
ndirect transitions respectively. The respective values of Eopt are
and lithium–potassium (LPCB) mixed alkali chloroborate glasses. (b) Variation of
LPCB) mixed alkali chloroborate glasses.

obtained by extrapolating to (˛h̄ω)2 = 0 for direct transitions and
(˛h̄ω)1/2 = 0 for indirect transitions. The optical band gaps (in eV)
of Pr3+ and Nd3+ doped two mixed alkali chloroborate glasses are
given below.

x (in mol%) Direct (Pr3+) Indirect (Pr3+) Direct (Nd3+) Indirect (Nd3+)

LSCB LPCB LSCB LPCB LSCB LPCB LSCB LPCB
5 3.12 3.15 3.00 3.05 3.21 3.32 3.09 3.18
10 2.88 3.14 2.87 3.05 3.16 2.53 2.97 2.48
15 3.23 3.06 2.92 2.98 2.91 3.09 2.76 3.07
20 3.12 3.13 3.04 3.06 3.19 3.23 2.97 3.03
25 3.10 3.10 2.98 3.00 3.33 3.04 3.04 2.90
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From the above data it is observed that at x = 15 mol% (equal
ol% of sodium and potassium) optical band gaps are increased in

r3+ doped LSCB glass and decreased in LPCB glass. In the case of
d3+ ion, at x = 15 mol%, optical band gaps are decreased in LSCB
lass and increased in LPCB glass.

. Conclusions

This research work presents the results of investigations on
bsorption and emission properties of Pr3+ and Nd3+ doped
ithium–sodium and lithium–potassium mixed alkali chlorobo-
ate glasses. The Pr3+ ions show lower covalency at x = 15 mol% in
ithium–sodium and lithium–potassium chloroborate glasses. The
d3+ ions show lower covalency at x = 20 mol% in lithium–sodium
nd at x = 10 mol% in lithium–potassium mixed alkali glass
atrices. Some structural changes have been observed at

= 15–20 mol% in Pr3+ doped lithium–sodium chloroborate glass
nd at x = 5–10 mol% in lithium–potassium chloroborate glass.
n the case of Nd3+ ion, small structural changes are observed
t x = 10–15 mol% in lithium–potassium chloroborate glass. The
xcited state, 3F3 of Pr3+ ions show significantly higher radia-
ive lifetimes in both the glass hosts. All the excited states
f Nd3+ ions show higher radiative lifetimes at x = 5 mol% in
ithium–sodium and at x = 10 mol% in lithium–potassium glass

atrices. Among the two emission transitions of Pr3+ ion, the
ransition, 3P0 → 3H4 has higher branching ratio at x = 15 mol%
n lithium–sodium chloroborate glass. Among the three emission
ransitions of Nd3+ ion, the transition, 4F3/2 → 4I11/2 has higher
ranching ratio at x = 10 mol% in lithium–sodium chloroborate glass
nd at x = 15 mol% in lithium–potassium chloroborate glass. The
mission cross-section for the transition, 3P0 → 3H4 of Pr3+ ions is
igher at x = 5 mol% in lithium–potassium chloroborate glass. In the
ase of Nd3+ ions, the transition, 4F3/2 → 4I11/2 has higher emission
ross-section at x = 15 mol% in lithium–potassium chloroborate
lass and these transitions are favorable for laser excitation.
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