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Sodium potassium phosphate glass consisting different Nd2O3 concentrations have been prepared to
study the effect of Nd3+ concentration on optical absorption and fluorescence properties. From the absorp-
tion spectra, Racah (E1, E2, E3), spin-orbit (�4f) and configuration interaction (˛) parameters are calculated
and reported for all the Nd3+ doped glasses. Judd–Ofelt intensity parameters (˝2, ˝4, ˝6) are evalu-
ated and these parameters are used to study the covalency as a function of Nd3+ concentration. Results
show that covalency decreases with the increase of Nd3+ concentration. By using these three intensity
parameters, total radiative transition probabilities (AT), radiative lifetimes (�R), branching ratios (ˇ) and

3+

luorescence
hosphate glass
ifetime
ross-section

integrated absorption cross-sections (˙) have been computed for certain excited states of Nd in these
mixed alkali phosphate glasses for all the concentrations. From the fluorescence spectra, peak stimulated
emission cross-sections (�p) have been calculated for the two transitions, 4G7/2 → 4I13/2 and 4G7/2 → 4I11/2

of Nd3+ in all these glass matrices. From the absorption spectra, the optical band gaps (Eopt) for both direct
and indirect transitions have been obtained. All these spectroscopic parameters are compared for differ-
ent Nd3+ concentrations. From these studies, a few transitions are identified for laser excitation among

various transitions.

. Introduction

Rare earth elements in glasses have been widely studied due
o their important applications for optical telecommunications
nd laser technology [1,2]. The rapid developments in information
echnology depend on the materials, which are useful for informa-
ion transmission, power transmission and nonlinear applications.
mong various glass matrices, phosphate glass systems are tech-
ologically interesting amorphous materials due to their low glass
ransition temperatures and high thermal expansion coefficients
3]. Phosphate glasses act as good hosts for large concentrations
f dopant rare earth ions with good homogeneity. Materials with
range of compositions have been studied with high-resolution

olid state NMR and complimentary techniques [4]. Among various
are earth ions neodymium is the most widely investigated ion in
variety of glasses not only because of its potential applications

ut also because of the variations in its spectroscopic properties
ith composition. These properties include absorption and emis-
ion cross-sections, radiative and non-radiative transition rates and
uantum efficiencies.

The ‘mixed alkali effect’ is a term describing the nonlinear vari-
tion in glass properties (such as density, viscosity, glass transition

∗ Corresponding author. Tel.: +91 8626 243858; fax: +91 8626 240783.
E-mail address: ratnakaram yc@yahoo.co.in (Y.C. Ratnakaram).

925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2009.02.033
© 2009 Elsevier B.V. All rights reserved.

temperature and conductivity) when one alkali in a multicompo-
nent glass is systematically replaced by another species [5–7]. This
nonlinear behavior is not limited to glasses containing only alkali
ions; certain mixed alkali–alkaline earth oxide glasses display non-
linear trends in physical properties as a function of composition
[8]. The mixed alkali phenomenon is useful in manufacturing low
loss electrical glass and in understanding chemical strengthening
of glass [5]. Green et al. [9] found that the relaxation times that
characterize the response of mixed alkali metaphosphate glasses
to mechanical and electrical perturbations, �� and �� respectively,
are orders of magnitude larger than the relaxation times in single
alkali metaphosphate glasses. Earlier, the authors have studied the
effect of mixed alkalis on spectroscopic properties of different rare
earth ions [10–12]. Most of the researchers used mixed alkalis in
the glass, have tried to understand the mixed alkali effect by vary-
ing the compositions of alkalis. However, less attention has been
paid to understand the local environment of rare earth ions by vary-
ing its concentration in a phosphate glass containing mixed alkalis.
In the present work, to see the effect of Nd3+ concentration on
absorption and emission properties, sodium potassium mixed alkali
phosphate glass was selected and the optimal Nd3+ concentration

for the potential laser emission is investigated.

The Judd–Ofelt [13,14] theory has been applied to interpret
the local environment of Nd3+ in terms of crystal field symme-
try and bond covalency, studying changes of the experimentally
fitted Judd–Ofelt parameters. Most of the studies are focused on

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.2009.02.033
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centration. The rms deviations between the experimental (from
the absorption spectra) and calculated (obtained using the method
described in Ref. [19]) energies are obtained and these values are
very small (±78, ±77, ±78, ±87 and ±93 for 0.1, 0.5, 1.0, 1.5 and

Table 1
Various spectroscopic parameters of Nd3+ doped sodium potassium mixed alkali
phosphate glasses (all the values except E1/E3 and E2/E3 are in cm−1) (x in mol%).

S. no. Parameter x = 0.1 x = 0.5 x = 1.0 x = 1.5 x = 2.0

1 E1 4983 4995 5009 4954 4969
2 E2 23.9 24.3 24.2 24.6 24.6
Fig. 1. Optical absorption spectra of different concentration

ystems with relatively low concentrations of REs because, for
ommercial applications, using high rare earth concentrations is
ot desirable because of concentration quenching. However, this

s not the case for nuclear materials applications, which some-
imes require high concentration of rare earths. Recently, effect
f Nd3+ concentration on the physical and absorption properties
f sodium lead borate glasses was reported by Mohan et al. [15].
pectroscopic and 1.06 �m laser properties of Nd3+ doped K–Sr–Al
hosphate and fluorophosphate glasses were reported by Upendra
umar et al. [16]. Chen et al. [17] reported effect of Nd3+ on the spec-
roscopic properties of bismuth borate glasses. Fluorescence and
on-radiative properties of Nd3+ in novel heavy metal contained
uorophosphate glasses were reported by Choi et al. [18]. Our par-
icular interest in this study is to examine (1) how the Judd–Ofelt
arameters are affected by the concentration of REs using Nd as a
robing cation and (2) how these parameters are connected with
he local structure of Nd–O environments. UV–visible–NIR optical
bsorption spectra and visible luminescence spectra were mea-
ured. Using Judd–Ofelt intensity parameters (˝2, ˝4 and ˝6)
adiative lifetimes, branching ratios and emission cross-sections are
eported.

. Experimental

Sodium potassium mixed alkali phosphate glass doped with different con-
entrations of Nd2O3 was prepared by using high purity analar grade various
hemicals, NH4H2PO4, Na2CO3, K2CO3 and Nd2O3 in the glass composition
70 − x)P2O5–15Na2O–15K2O–xNd2O3 (where x = 0.1, 0.5, 1.0, 1.5 and 2.0 mol%) using

elt quenching technique. Among various glass compositions we have prepared, the
resent glass composition gave good glass for optical studies and therefore we have
elected to study the effect of Nd3+ concentration on absorption and emission prop-
rties in this glass matrix. The appropriate quantities of raw materials are weighed
ccurately and ground in an agate mortar to produce 10 g each of glass mixture. This
ixture was then placed in an electric furnace and melted at 1100 ◦C for 1 h in a

ilica crucible. The melt was then quenched between two well-polished preheated
rass plates and annealed at 400 ◦C for 4 h in order to remove mechanical stress. The
lass samples of about 1 cm diameter and 0.1–0.15 cm thickness were obtained. The
ptical quality of all the samples was checked with a microscope and bubble free
amples were taken for optical measurements. The thickness of the samples was
etermined with a micrometer.

The absorption spectra were measured in the 200–1000 nm region using JASCO
V–VIS–NIR spectrophotometer (Model V-570). Fluorescence spectra in the wave-

ength range 550–750 nm were recorded using PerkinElmer spectrophotometer

Model LS-55) by exciting the sample at 501 nm. PerkinElmer spectrophotometer
ses a high-energy Pulsed Xenon source (20 kW for 8 �s duration) for the LS-55 and

t has many advantages like minimal photo bleaching of samples, long lived exci-
ation for stability and accuracy, improved low-light detection capability relative
o other light sources and wide UV output (to 200 nm), for greater flexibility when
electing wavelengths. All the optical measurements were performed at room tem-
d3+ doped sodium potassium mixed alkali phosphate glass.

perature. The refractive indices were measured at sodium wavelength using an Abbe
refractometer with 1-monobromonaphthalene as an adhesive liquid. The density
measurements were done using Archimedes principle using xylene as the immersion
liquid.

3. Results and discussion

3.1. Absorption spectra

The room temperature optical absorption spectra of different
concentrations of Nd3+ doped mixed alkali phosphate glass are
shown in Fig. 1. It can be seen that the transition energy levels vary
with the concentration and depend on its host matrices indicative of
the difference in the degree of bond covalency and the asymmetry
of Nd–O local structure among these host matrices. It is observed
that the absorption intensity of the observed bands increases with
the increase of Nd2O3 concentration. Because of the inhomoge-
neous broadening, the Stark structure is poorly resolved for all the
bands but for the excited state, 4F3/2 the Stark splitting is clearly
observed for all the concentrations. Sometimes adjacent energy lev-
els overlap and appear as single peak in the observed spectra. The
broadening of the absorption bands is due to the absence of long-
range order in the host producing changes of the micro symmetry
around Nd3+. It is also observed that except at 0.5 mol% of Nd2O3,
the UV absorption edge shifted to a higher wave number side with
the increase of Nd2O3 concentration.

In the present work, the spectral profile of the absorption peak
(4D , 4D , 4D ), nearly at 350 nm varies with the Nd O con-
3 E3 496.1 495.8 495.9 495.9 496.8
4 �4f 871.7 874.3 875.9 890.4 886.4
5 ˛ 3.542 3.403 3.923 4.876 5.209
6 E1/E3 10.35 10.35 10.35 10.34 10.34
7 E2/E3 0.05 0.06 0.06 0.06 0.06
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Table 2
Experimental (fexp × 106) and calculated spectral intensities (fcal × 106) of certain excited states of Nd3+ doped sodium potassium mixed alkali phosphate glass (x in mol%).

S. no. Energy level x = 0.1 x = 0.5 x = 1.0 x = 1.5 x = 2.0

fexp fcal fexp fcal fexp fcal fexp fcal fexp fcal

1 4F3/2 1.72 3.61 1.46 2.94 2.42 3.91 2.78 3.74 2.61 3.45
2 4F5/2, 2H9/2 16.17 14.81 13.67 12.62 14.66 13.56 13.98 13.20 12.42 11.54
3 4F7/2, 4S3/2 15.52 16.67 13.48 14.46 13.10 14.43 13.52 14.16 11.45 12.29
4 4F9/2 1.76 1.26 0.89 1.09 0.92 1.12 1.02 1.09 0.84 0.94
5 2H11/2 0.28 0.34 0.18 0.29 0.24 0.31 0.16 0.29 0.14 0.26
6 4G5/2,

2G7/2 32.89 33.03 30.32 30.37 31.6 31.58 30.73 30.69 26.46 26.52
7 2K13/2,

4G7/2 9.13 7.81 7.48 6.73 8.29 7.72 7.99 7.45 6.55 6.64
8 4G9/2 4.64 2.7 4.26 2.27 4.69 2.68 3.94 2.59 3.64 2.32

1.61
0.35

0.96
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9 2K15/2,2G9/2, 2D3/2 1.66 1.93 1.78
10 4G11/2 1.76 4.18 1.51

rms deviation ±1.37 ±

.0 mol% of Nd2O3) indicating that full matrix diagonalization pro-
edure leads to a good fit between the observed and calculated
nergies. The Racah (E1, E2, E3), spin-orbit (�4f) and configuration
nteraction (˛) parameters and hydrogenic ratios (E1/E3 and E2/E3)
f different concentrations of Nd2O3 are calculated using the pro-
edure explained earlier [19] and are presented in Table 1. The
ydrogenic ratios are more or less same for all the concentrations of
d3+ doped mixed alkali phosphate glass indicating that the radial
roperties of Nd3+ ions in different concentrations are not affected.

.2. Application of Judd–Ofelt theory

Judd–Ofelt theory can describe the radiative properties of rare
arth ions in a variety of host materials like glasses and crystals.
his theory is well established in the literature and therefore only
he relevant equations are employed to analyze our results and are
resented here. The experimental spectral intensities (fexp) of the
bserved absorption bands were measured from the area under the
ach absorption band using the formula:

exp = 4.318 × 10−9

∫
ε(v)dv (1)

here ε(�) = OD/cl is the molar extinction coefficient at mean
nergy � (cm−1), with OD being the optical density, c being the
olar concentration of lanthanide ion and l is the optical path

ength. Using Judd–Ofelt theory [13,14] calculated spectral intensi-
ies are obtained. In the present work, in the calculation of electric
ipole line strengths, we have used the squared reduced matrix
lements reported by Carnall et al. [20] because these values are
ost invariant. The experimental and calculated spectral intensities
f) of the observed bands of Nd3+ and the rms deviations between
hese two are presented in Table 2 for different concentrations. The
ms deviations between the experimental and calculated values are
ery small, confirming the validity of Judd–Ofelt theory. The spec-
ral intensities of most of the transitions are high for the glasses
ith x = 0.1 mol% of Nd2O3 and low for the glasses with x = 2.0 mol%

f Nd2O3 indicating higher and lower crystal field asymmetries in
he vicinity of Nd3+ ion in these two glass matrices respectively.

Using experimental spectral intensities and the values of
quared reduced matrix elements, the best set of Judd–Ofelt inten-
ity parameters (˝2, ˝4 and ˝6) are obtained applying least
quares fit method. These values are presented in Table 3 along
ith the parameters in other glass hosts. The ˝2 parameter is sen-

itive to both asymmetry and covalency at the rare earth sites [21].
n the present work, it is observed that the ˝2 parameter decreases
ith the increase of Nd3+ concentration indicating decrease in
ovalency between neodymium cation and oxygen anion with the
ncrease of Nd3+ concentration. The ˝6 parameter followed the
ame trend as the ˝2 parameter indicating decrease in the rigid-
ty of the host matrix with the increase of Nd3+ concentration. The
1.63 1.91 1.25 1.84 1.17 1.66
1.66 0.39 1.71 0.38 1.46 0.34

±1.02 ±0.76 ±0.70

order of magnitude of Judd–Ofelt intensity parameters for x = 0.1,
0.5, 1.0 and 1.5 mol% is ˝4 < ˝2 < ˝6 and for x = 2.0 mol%, the order
is ˝2 < ˝4 < ˝6. The Judd–Ofelt parameters obtained in the present
work are consistent with the values reported in literature [10] for
lithium sodium and lithium potassium mixed alkali borate glasses.
From Table 3, it is observed that the magnitude of ˝2 parame-
ter is larger in mixed alkali phosphate glasses (i.e. in the present
work) when compared with the sodium borate, bismuth borate
and calcium alumino silicate glasses indicating more covalency.
Oomen and van Dongen [22] suggested that it is appropriate to
observe the variation of the sum of Judd–Ofelt parameters, �˝	

with the variation of covalency instead of observing only the varia-
tion in ˝2 parameter. In the present work, it is observed that �˝	

value decreases with the increase of Nd3+ concentration except at
x = 0.5 mol%. It is also observed that the sum of Judd–Ofelt intensity
parameters, �˝	 decreases with the increase of Nd3+ concentra-
tion in potassium borate glass. In potassium borate glass, �˝	 value
decreases up to x = 1.5 mol% and then increased at x = 2.0 mol% of
Nd2O3. For sodium lead borate and calcium alumino silicate glasses,
�˝	 increases with the increase of Nd3+ concentration. Variation
of ˝2 parameter and �˝	 with Nd3+ concentration in the present
work is shown in Fig. 2. ˝	 can also be obtained from

˝	 = (2t + 1)
∑
s,p

|As,p| 
2(s, t) (2s + 1)−1 t = 2, 4, 6 (2)

where As,p are the crystal field parameters of rank s and are related
to the structure around rare earth ions. 
(s, t) is related to the host
matrix elements between the two radial wave functions of 4f and
the admixing levels e.g. 5d, 5g and the energy difference between
these levels. It has been suggested by Reisfeld and Jorgensen [23]
that 
 correlates to the nephelauxetic parameter ˇ, which indicates
the degree of covalency of the R–O bond.

3.3. Hypersensitive transition

The position and intensity of certain transitions are sensi-
tive to the environment of the rare earth ion. These transitions
follow the selection rules �J ≤ 2, �L ≤ 2 and �S = 0. For Nd3+

ion, 4I9/2 → 4G5/2 + 2G7/2 is the hypersensitive transition. In the
present work, the spectral intensities of the hypersensitive tran-
sition decreases with the increase of Nd3+ concentration except
small deviation at x = 0.5 mol%. It is observed that the intensity
of hypersensitive transition shows maximum at x = 0.1 mol% and
minimum at x = 2.0 mol% of Nd2O3. This indicates that the nonsym-

metric component of electric field acting on Nd3+ ion is higher for
glass containing 0.1 mol% and lower for 2.0 mol% of Nd2O3. It is also
observed that the values of ˝2 parameter are found to be propor-
tional to the intensity of the hypersensitive transition, in accordance
with the theory [21]. Further, Krupke [24] pointed out that the
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Table 3
Judd–Ofelt intensity parameters (˝	 × 1020, 	 = 2, 4, 6) (cm2) of Nd3+ doped in different concentrations (in mol%) in various glass matrices.

S. no. Glass matrix Parameter 0.1 0.5 1.0 1.5 2.0

1 Sodium potassium mixed alkali phosphate [present work] ˝2 8.03 7.88 6.94 6.83 5.59
˝4 5.73 4.53 6.85 6.50 6.15
˝6 11.31 9.78 9.61 9.44 8.05
�˝	 25.07 22.19 23.40 22.76 19.79

2 Potassium borate [34] ˝2 – 7.19 6.30 4.56 5.56
˝4 – 3.30 3.29 5.34 6.99
˝6 – 3.70 4.24 3.75 5.21
�˝	 – 14.19 13.83 13.65 17.76

3 Sodium lead borate [15] ˝2 – – 2.58 4.05 3.67
˝4 – – 2.59 3.38 4.37
˝6 – – 2.98 4.71 5.50
�˝	 8.15 12.14 13.64

4 Calcium alumino silicate [35] ˝2 – 3.11 3.21 3.20 3.13
˝4 – 4.18 4.07 4.51 4.65
˝6 – 1.92 2.01 1.98 2.06
�˝	 9.21 9.29 9.69 9.84

5 ˝2

˝4

˝6

�˝	

i
d
t
t
t
t
i
l
(
o
o
N

F
p

Bismuth borate [17]

ntensity of the hypersensitive transition, 4I9/2 → 4G5/2 + 2G7/2 is
etermined mainly by ˝2 parameter. The Stark splitting due to
he crystal field splits this transition into two peaks in the absorp-
ion spectra. In the present work, the Stark splitting decreases with
he increase of Nd2O3 concentration and the splitting is hidden by
he inhomogeneous broadening at higher concentrations. The shift
n the peak wavelength of the hypersensitive transition towards
onger wavelengths indicates increase in covalency of RE–O bond

because of nephelauxetic effect [23]). In the present work, it is
bserved that there is no shift in the position of the peak wavelength
f the hypersensitive transition for different concentrations of
d2O3 except small increase at x = 0.1–0.5 mol% (580.0–580.7 nm).

ig. 2. Variation of ˝2 parameter and �˝	 with Nd3+ concentration in sodium
otassium mixed alkali phosphate glass.
3.71 3.28 3.22 2.70 2.61
2.59 3.88 3.84 4.10 3.86
4.24 4.24 4.33 4.47 4.24

10.54 11.40 11.39 11.27 10.71

The ˝2 parameter slightly decreased (8.03 × 10−20 to 7.88 × 10−20)
at this composition indicating that the structural changes, if any
are not influencing much the covalency of Nd–O bond. The spectral
profile of the hypersensitive transition, 4I9/2 → 4G5/2 + 2G7/2 is same
for all the concentrations.

3.4. Radiative properties

Using Judd–Ofelt intensity parameters, ˝2, ˝4 and ˝6, electric
dipole line strengths (Sed), radiative transition probabilities (Arad),
branching ratios (ˇR) and integrated absorption cross-sections (˙)
of different transitions of excited states are calculated using stan-
dard formulae [23]. In the present work, total radiative transition
probabilities and radiative lifetimes are calculated for the excited
states, 4G9/2, 4G7/2, 4G5/2, 2H11/2, 4F9/2, 4F5/2 and 4F3/2 of Nd3+

and are presented in Table 4. It is observed that the total radia-
tive transition probabilities of all the excited states are decreasing
with the increase of Nd3+ concentration except small deviation
at x = 0.5 mol%. It is also observed that total radiative transition
probabilities are decreasing with the decrease of covalency (˝2
parameter) of the Nd–O bond except at x = 0.5 mol%. This lower
radiative transition probability at x = 0.5 mol% could be correlated
to the lower ˝4 parameter attributing lower rigidity of the host
matrix. The radiative lifetime (�R) represents an effective aver-
age over site–site variations in the local Nd3+ environment. It is
observed that the estimated radiative lifetimes of all the excited
states are lower at x = 0.1 mol% and higher at x = 2.0 mol%. At low
Nd3+ concentration (<0.5 mol%), the radiative lifetimes increase
with the increase of Nd3+ concentration from 0.1 to 0.5 mol% of
Nd2O3. It is known that when a small amount of Nd3+ ions is
doped into glass, some changes occur in their network structure
[25]. Therefore the influence of concentration quenching is weak
at low Nd3+ concentrations; changes of the environment around
Nd3+ions may be the reason for the changes of the lifetimes with
the Nd3+ concentration. At higher Nd3+ concentrations (>0.5 mol%),
the concentration quenching process becomes predominant and
the fluorescence lifetimes decreases with increasing Nd3+ concen-
tration from 0.5 to 1.5 mol%. In other words, clustering of Nd3+ ions

proceed up to 0.5 mol% of Nd2O3 and at >0.5 mol%, Nd3+ ions are in
the poorly dispersed state. At 2.0 mol% of Nd2O3, radiative lifetimes
are slightly increased. Similar trend has been observed in the case of
fluorophosphate glasses [18]. Variation of AT parameter with Nd3+

concentration is shown in Fig. 3 The radiative lifetimes obtained in
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Table 4
Total radiative transition probabilities (AT) (s−1) and radiative lifetimes (�R) (�s) of certain excited states of Nd3+ doped sodium potassium mixed alkali phosphate glasses (x
in mol%).

S. no. Excited state x = 0.1 x = 0.5 x = 1.0 x = 1.5 x = 2.0

AT �R AT �R AT �R AT �R AT �R

1 4G9/2 21,977 46 19,630 51 21,252 47 20,625 49 17,905 56
2 4G7/2 20,350 49 18,567 54 19,486 51 18,818 53 16,349 61
3 4G5/2 30,988 32 28,152 36 29,605 34 28,762 35 24,889 40
4 2 8
5 3
6
7 9

t
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t
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c
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a
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H11/2 646 549 589 69
4

/2 6,799 147 5,766 17
4F5/2 8,200 122 6,907 145
4F3/2 6,321 158 5,288 18

he present work are comparable to the radiative lifetimes of Nd3+

n sodium potassium mixed alkali borate glasses at x = 2.0 mol% [21].
The branching ratios (ˇR) and integrated absorption cross-

ections (˙) are evaluated for different transitions of Nd3+ for all the
oncentrations. These values, which are higher in their magnitudes
or certain transitions are collected in Table 5. It is observed that
he branching ratio values of most of the transitions are higher at
= 0.5 mol% and lower at x = 2.0 mol%. Among various transitions,

he transition, 4G5/2 → 4I9/2 has higher branching ratio value. The
2 parameter becomes independent in characterizing the fluores-

ent properties of 4F3/2 → 4IJ (J = 9/2, 11/2, 13/2) transitions because
he values of ||U2||2 are zero for all these transitions. Hence the
adiative properties depend on ˝4 and ˝6 parameters because
f the triangle rule |J − J′| ≤ 	 ≤ |J + J′| [26]. In the present work,
he branching ratios of the two emission transitions: 4F3/2 → 4I9/2
nd 4G5/2 → 4I9/2 are in the range 0.667–0.723 and 0.779–0.817
espectively for different concentrations. The branching ratio of
he transition, 4F3/2 → 4I9/2 is more at 0.1 mol% of Nd2O3 (0.723)
nd for 4G5/2 → 4I9/2 transition, it is more at 0.5 mol% of Nd2O3
0.817). Therefore the efficiency for 4F → 4I transition is more
3/2 9/2
t 0.1 mol% and the efficiency for 4G5/2 → 4I9/2 transition is more at
.5 mol% of Nd2O3.

ig. 3. Variation of total radiative transition probability (AT) with Nd3+ concentration
n sodium potassium mixed alkali phosphate glass.
635 574 613 629 532 880
6,146 162 6,000 167 5,146 194
7,689 130 7,471 134 6,558 153
6,016 166 5,833 171 5,166 194

3.5. Photoluminescence spectra

The luminescence spectra of different concentrations of Nd2O3
doped sodium potassium mixed alkali phosphate glass recorded
in the wavelength region 570–740 nm under the excitation wave-
length of 501 nm are shown in Fig. 4. Due to lack of experimental
facilities, the properties of the emission transition, 4F3/2 → 4I11/2 of
Nd3+ have not studied though it is one of the important transitions
of Nd3+ ion. In the present work, two emission bands correspond-
ing to the transitions, 4G7/2 → 4I13/2 and 4G7/2 → 4I11/2 appear nearly
at 660 and 600 nm respectively. From the spectra, it is observed
that concentration effect is evident in the line shape evolution [27].
Among the five Nd3+ concentrations, the maximum intensity was
observed for 0.1 mol% of Nd2O3. From the analysis of the emission
spectra, it can be seen that the shape of the emission bands is same
for all the concentrations of Nd2O3. This invariance indicates that
the ion–ion interaction between Nd3+ sites is strong as observed by
Brecher et al. [28], Riseberg [29] and Kalisky et al. [30]. At larger
Nd3+ concentrations, the intensity of fluorescence decreases due
to the onset of spectral diffusion [29]. The coupling between the
ions is source of diffusion. In the present work, emission intensity
is very small at 0.5 and 1.5 mol% of Nd2O3 when compared with
0.1, 1.0 and 2.0 mol% of Nd2O3 and also small splitting is observed
at these two concentrations. The bandwidths of Ipeak (660 nm) and
Ipeak (600 nm) are constant for all the concentrations, but the ratio
of the peak intensities r = Ipeak (600 nm)/Ipeak (660 nm) can be fit-
ted to a parabolic function (Fig. 5) corresponding to the general
formula:

r(c) = 0.1695c2 − 0.3861c + 0.7974

where c represents Nd2O3 concentration. In addition, Ipeak (660 nm)
and Ipeak (600 nm) correspond to the peak intensities of the emis-
sions resulting from the transitions, 4G7/2 → 4I13/2 and 4G7/2 → 4I11/2
respectively.

As shown in Fig. 5, the minimum on the graph of r(c) is located
between 0.5 and 1.5 compositions. The neodymium concentra-
tion at this minimum is 3.25 wt% (cm). When c increases from
zero to cm, the transition 4G7/2 → 4I13/2 is more favorable than
4G7/2 → 4I11/2 transition. Consequently, the fluorescence related to
the latter transition diminishes in comparison with that of the for-
mer one, resulting in a decrease of r(c). For c > cm, the intensity of
the emission corresponding to the transition, 4G7/2 → 4I11/2 peak-
ing at 600 nm is increased with regard to Ipeak (660). This increase
probably be explained by a competition between the two transi-
tions, 4G7/2 → 4I11/2 and 4G7/2 → 4I13/2, where the latter is favorable.
Consequently, the ratio r(c) has increased since the intensity Ipeak

(600 nm) diminishes. This increase is compatible with the pres-
ence of pairs of Nd3+, which promotes the 4G7/2 de-excitation via
4G7/2 → 4I13/2 preferably to 4G7/2 → 4I11/2 channel. Judd–Ofelt the-
ory can successfully account for the observed stimulated emission
cross-sections. The peak stimulated emission cross-sections (�p) of
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Table 5
Branching ratios (ˇ) and integrated absorption cross-sections (˙ × 1018) (cm) of certain transitions of Nd3+ doped sodium potassium mixed alkali borate glasses (x in mol%).

S. no. Transition x = 0.1 x = 0.5 x = 1.0 x = 1.5 x = 2.0

ˇ ˙ ˇ ˙ ˇ ˙ ˇ ˙ ˇ ˙

1 4G9/2 → 4I13/2 0.492 22.2 0.512 20.8 0.474 20.8 0.477 20.3 0.465 17.3
2 4G7/2 → 4I11/2 0.547 18.6 0.572 17.9 0.511 16.7 0.515 16.3 0.496 13.7
3 4G5/2 → 4I9/2 0.802 40.9 0.817 38.1 0.786 38.5 0.788 37.5 0.779 32.2
4 2H11/2 → 4I15/2 0.472 1.6 0.483 1.5 0.471 1.6 0.471 1.5 0.462 1.3
5 4F3/2 → 4I9/2 0.723 17.4 0.667 14.7 0.667 16.2 0.667 15.7 0.668 13.8
6 4F3/2 → 4I11/2 0.542 18.5 0.549 15.7 0.509 16.6 0.513 16.3 0.502 14.1

Fig. 4. Fluorescence spectra of different concentrations of Nd3+

Fig. 5. Variation of peak intensity ratio (r) with Nd3+ concentration in sodium potas-
sium mixed alkali phosphate glass.
doped sodium potassium mixed alkali phosphate glass.

the above two transitions are calculated using the formula [31]:

�p = 	4
p

8�cn2�	eff
A(aJ, bJ′) (3)

where 	p is the peak wavelength, �	eff is the effective linewidth
of the emission band and A(aJ, bJ′) is the radiative transition proba-
bility. From Eq. (3), it is observed that �p depends on the intensity
parameters ˝	, the bandwidth �	eff and the refractive index n.
Both ˝	 and �	eff are affected by compositional changes. Table 6
gives peak wavelengths (	p), radiative transition probabilities (A),
effective linewidths (�	eff) and peak emission cross-sections (�p)
of the two transitions, 4G7/2 → 4I13/2 and 4G7/2 → 4I11/2 of different
concentrations of Nd3+ in sodium potassium mixed alkali phos-
phate glass. It is observed that peak emission cross-section values
are higher for 0.1 mol% of Nd2O3 and lower for 2.0 mol% of Nd2O3
among all the concentrations. The emission band, 4G7/2 → 4I11/2 has
large stimulated cross-section, which is an attractive feature for
low threshold and high gain applications. Hence the emission band
4G7/2 → 4I11/2 at x = 0.1 mol% has been identified as a potential las-
ing transition. Variation of peak emission cross-section (�p) with
Nd3+ concentration is shown in Fig. 6.
3.6. Optical band gaps

The absorption edge of nonmetallic materials gives a measure
of the band strength or energy gap. Davis and Mott [32] obtained
optical band gaps (Eopt) for both direct and indirect transitions using
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Table 6
Certain fluorescence properties of different concentrations of Nd3+ doped sodium potassium mixed alkali phosphate glasses.

S. no. 4G7/2 → 4I11/2
4G7/2 → 4I13/2

	p (nm) A (s−1) �	eff (cm−1) �p (10−19) 	p (nm) A (s−1) �	eff (cm−1) �p (10−20)

1 x = 0.1 595 20,211 58.7 6.01 661 20,211 577.4 7.54
2 4.1
3 3.5
4 3.6
5 2.9

t

˛

w
p
g
d
T
o
s
a
f
(
a
a
c
a
3
t
b
a
i
c

F
m

x = 0.5 598 18,567 78.9
x = 1.0 597 19,486 95.9
x = 1.5 599 18,818 90.1
x = 2.0 597 16,349 98.5

he formula:

(ω) = B(h̄ω − Eopt)
n

h̄ω
(4)

here ˛(ω) is the absorption coefficient, B is a constant, h̄ω is the
hoton energy of the incident radiation, Eopt is the optical band
ap and n an index which can assume values 1, 2, 3, 1/2 or 3/2
epending on the nature of the inter-band electronic transitions.
he above equation with n = 2 agrees well for chalcogenide and
xide glasses [33]. For direct transitions n = 1/2 and for indirect tran-
itions n = 2. Optical band gap values are obtained both for indirect
nd direct transitions of Nd3+ doped mixed alkali phosphate glass
rom the variation of (˛h̄ω)1/2 with h̄ω and from the variation of
˛h̄ω)2 with h̄ω graphs respectively. The respective values of Eopt

re obtained by extrapolating to (˛h̄ω)2 = 0 for direct transitions
nd (˛h̄ω)1/2 = 0 for indirect transitions. It is observed that the opti-
al band gaps for indirect transitions are 3.372, 3.585, 3.587, 3.593
nd 3.594 eV and for direct transitions these values are 3.369, 3.586,
.587, 3.592 and 3.595 eV for 0.1, 0.5, 1.0, 1.5 and 2.0 mol% respec-
ively. From the above data it is said that the optical band gaps for
oth indirect and direct transitions are smaller at 0.1 mol% of Nd O
2 3
nd larger at 2.0 mol% of Nd2O3. The optical band gaps for both
ndirect and direct transitions increase with the increase of Nd3+

oncentration.

ig. 6. Variation of peak emission cross-section (�p) with Nd3+ concentration in
ixed alkali phosphate glass.

[

[

[
[
[
[

4 657 18,567 679.6 5.81
7 663 19,486 664.4 6.36
9 659 18,818 672.5 5.99
2 661 16,349 613.2 5.75

4. Conclusions

˝2 parameter decreased with the increase of Nd3+ concen-
tration indicating decrease in covalency of Nd–O bond in this
sodium potassium phosphate glass. The sum of Judd–Ofelt inten-
sity parameters (�˝	) also decreased with the increase of Nd3+

concentration (except at x = 0.5 mol%), which is attributed to the
nature of covalency of Nd–O bond. The spectral profiles of the
hypersensitive transition are same for different concentrations of
Nd3+. There is a decrease in the intensity of hypersensitive tran-
sition with an increase of x (except at x = 0.5 mol%), indicating
lower asymmetry at higher Nd3+ concentrations. No peak split-
ting of the hypersensitive transition is observed for any of the Nd3+

concentration studied. From the variation of peak wavelength of
the hypersensitive transition and ˝2 parameter, it is concluded
that the influence of structural changes on covalency of Nd–O
bond is less. The total radiative transition probabilities of all the
excited states of Nd3+ are decreased with the increase of Nd3+ con-
centration (except at x = 0.5 mol%). The radiative lifetimes of all
the excited states are low at x = 0.1 mol% and high at x = 2.0 mol%.
The branching ratios are higher at x = 0.5 mol% among different
concentrations. It is observed that the transition, 4G5/2 → 4I9/2 at
x = 0.5 mol% is more suitable for laser excitation. Peak stimulated
emission cross-sections are calculated for the two emission transi-
tions, 4G7/2 → 4I13/2 and 4G7/2 → 4I11/2 of Nd3+ and these values are
higher for 0.1 mol% of Nd2O3 and lower for 2.0 mol% of Nd2O3. From
the peak stimulated emission cross-sections, it is identified that the
emission band, 4G7/2 → 4I11/2 at x = 0.1 mol% may be a potential las-
ing transition. The optical band gaps for both indirect and direct
transitions increased with the increase of Nd3+ concentration.
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