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Abstract
Phosphate (PKBAN: P2O5 +K2O+BaO+Al2O3 +Nd2O3) and fluorophosphate
(PKBFAN: P2O5 + K2O + BaO + BaF2 + Al2O3 + Nd2O3 and PKBAFN:
P2O5 + K2O + BaO + Al2O3 + AlF3 + Nd2O3) glasses were prepared with
three concentrations (0.1, 1.0 and 2.0 mol%) of Nd3+ ions and their detailed
luminescence properties have been investigated. Absorption spectra for
1.0 mol% of Nd3+-doped glasses have been analysed using Judd–Ofelt (JO)
theory. The observed bands in absorption spectra from ground to excited
states are assigned and analysed with the parameterized free-ion Hamiltonian
model. The JO parameters have been used to predict radiative properties for
4F3/2 → 4IJ (J = 15/2, 13/2, 11/2 and 9/2) transitions of Nd3+ ions in these
glasses. The Inokuti–Hirayama model has been applied to the non-exponential
behaviour of the decay profiles to investigate the mechanism involved in the
energy transfer between the donors and acceptors.

1. Introduction

Glasses doped with lanthanide ions (Ln3+) are very promising and attractive for developing
and tailoring optical devices such as lasers, optical fibres, acousto-optic modifiers and planar
waveguides. Among various glass hosts, phosphate glasses have received much attention
because they can store optical energy at greater densities than other hosts and this energy
can be efficiently extracted. Further, phosphate glasses exhibit low refractive index, low
dispersion and very good thermo-optical qualities. Also, they can be easily prepared in various
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Table 1. Glass compositions and glass labels of the Nd3+-doped glasses.

Glass composition Glass labels

58.95 P2O5 + 17.45 K2O + 14.5 BaO + 9 Al2O3 + 0.1 Nd2O3 PKBAN(1)
58.5 P2O5 + 17 K2O + 14.5 BaO + 9 Al2O3 + 1 Nd2O3 PKBAN(2)
58 P2O5 + 17 K2O + 14 BaO + 9 Al2O3 + 2 Nd2O3 PKBAN(3)
55.95 P2O5 + 17 K2O + 11.95 BaO + 6 BaF2 + 9 Al2O3 + 0.1 Nd2O3 PKBFAN(1)
55.5 P2O5 + 17 K2O + 11.5 BaO + 6 BaF2 + 9 Al2O3 + 1 Nd2O3 PKBFAN(2)
55 P2O5 + 17 K2O + 11 BaO + 6 BaF2 + 9 Al2O3 + 2 Nd2O3 PKBFAN(3)
56.6 P2O5 + 16.75 K2O + 14.73 BaO + 8.37 Al2O3 + 3.45 AlF3 + 0.1 Nd2O3 PKBAFN(1)
56.15 P2O5 + 16.75 K2O + 14.28 BaO + 8.37 Al2O3 + 3.45 AlF3 + 1 Nd2O3 PKBAFN(2)
55.65 P2O5 + 16.75 K2O + 13.78 BaO + 8.37 Al2O3 + 3.45 AlF3 + 2 Nd2O3 PKBAFN(3)

compositions and can preserve their useful properties when doped with significant amounts of
active Ln3+ ions.

Among the phosphate glasses, alkali and alkaline-earth metaphosphate glasses are very
attractive hosts due to their high transparency nature to ultraviolet light. The only disadvantage
in these glasses is their hygroscopic nature,but the selection of Al(PO3)3, Ba(PO3)2, Mg(PO3)2

and KH2PO4 as starting materials for phosphate composition has its own advantages compared
to other metaphosphates [1]. Here, Al(PO3)3 is added to improve the physical properties of
glass. Further, addition of fluoride content increases the resistance to water and hence decreases
the non-radiative relaxation of the emitting level.

Among the trivalent Ln3+ ions, Nd3+ is one of the most extensively studied ions for solid-
state lasers due to its laser emission at a very useful wavelength, 1064 nm, in addition to the
possibility of lasing at other wavelengths such as 1800, 1350 and 880 nm at room temperature.
Also, its absorption in the UV–VIS–NIR regions allows efficient pumping either with broad-
band sources (xenon lamp) or with sources of selected wavelength using diode lasers [1, 2].

Since the first demonstration of laser action in neodymium-doped glass by Snitzer [3],
considerable progress has been made in evaluating the effects of these amorphous host materials
on the Nd3+ laser ion. Nd3+-doped phosphate glasses are found to be very attractive gain
media for high energy and high peak power lasers which can be prepared even in bulk sizes
with high optical homogeneity and purity. Among various phosphate glass compositions, the
P2O5 + K2O + MO + Al2O3, (MO = BaO, MgO, SrO, CaO) composition is found to be an
excellent host for laser media. However, for this composition, a detailed and systematic optical
and luminescence study, including compositional and concentration variations, has not been
available in the literature to the best of our knowledge. The aim of the present study is to
examine various lasing parameters (lifetime, peak stimulated emission cross section, quantum
efficiency, etc) among various phosphate glass hosts to establish the relation between the
spectroscopic properties of different concentrations of Nd3+ ions and compositional variations
in glass host. Hence, the present work reports the detailed and systematic spectroscopic studies
of phosphate (PKBAN(M)) and fluorophosphate (PKBFAN(M) and PKBAFN(M)) glasses for
different concentrations of Nd3+ ions, where M = 1, 2 and 3 refers to 0.1, 1.0 and 2.0 mol%
Nd3+ ion concentrations, respectively (see table 1).

2. Experimental details

The glasses in the present investigation were prepared by a conventional melt-quenching
technique at ambient atmosphere. The chemical compositions (in mol%) and labels of the
glasses are presented in table 1.
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Table 2. Physical properties of 1.0 mol% Nd3+-doped glasses.

Properties PKBAN(2) PKBFAN(2) PKBAFN(2)

Refractive index, n 1.525 1.532 1.541
Density, d (g cm−3) 2.67 2.93 2.83
Concentration, C (1020 ions cm−3) 2.30 2.49 2.43
Optical path length (cm) 0.420 0.359 0.358

High-purity chemicals of Al(PO3)3, Ba(PO3)2, KH2PO4, BaF2, AlF3 and Nd2O3 were
used as starting materials. After being well ground in a mortar with a pestle, the mixed reagents
were put into a platinum crucible and kept in an electric furnace around 1050–1100 ◦C for 1 h
and then poured onto a preheated brass plate. Then the formed glasses were annealed at 350 ◦C
for ten hours to remove thermal strains. Finally, the glass samples were polished with silicon
carbide abrasive paper and finally with an FIS polishing film to achieve a very smooth surface.

The densities of the samples were determined by Archimedes’ method with water as the
immersion liquid. The refractive indices were measured on an Abbe refractometer at sodium
wavelength (589.3 nm) with 1-bromonapthalene as the contact liquid. Table 2 presents the
physical properties for 1.0 mol% Nd3+-doped glasses. Absorption spectra (300–1000 nm) were
recorded using a Hitachi U-3400 spectrophotometer. The NIR emission spectra (800–1600 nm)
were recorded using a Jarrell-Ash 3/4 m Czerny–Turner single monochromator. The signal
was detected by a liquid nitrogen-cooled Northcoast EO-817P germanium detector connected
to a computer-controlled Stanford Research SR510 lock-in amplifier. The emission decay
curves were measured by exciting the samples with a pulsed Nd-YAG laser (λexc = 355 nm).
The signal was then analysed using a 0.5 m monochromator equipped with a 150 lines mm−1

grating and detected with a GaAs PMT and a digital oscilloscope.

3. Theory

3.1. Energy level analysis, free-ion and bonding parameters

A model Hamiltonian expressed in terms of free-ion or atomic parameters is used to analyse
the free-ion energy levels involved in f–f transitions. The HFI that represents the energy level
structure of Nd3+ (4f3) ion is defined and used in the calculation as [4–8]

ĤFI = EAVG +
∑

k

Fk f̂k + ξSO ÂSO + α L̂(L̂ + 1) + βĜ(G2)

+ γ Ĝ(R7) +
∑

i

T i t̂i +
∑

k

Pk p̂k +
∑

j

M j m̂ j , (1)

where k = 2, 4 and 6; i = 2, 3, 4, 6, 7 and 8; and j = 0, 2 and 4. The operators
( f̂ , ÂSO, L̂, Ĝ, t̂i , p̂k and m̂ j ) and their associated parameters (central field, EAVG; two-body
electrostatic repulsion, F2, F4 and F6; spin–orbit, ξ ; two-body configuration, α, β and γ ;
three-body configuration, T 2, T 3, T 4, T 6, T 7 and T 8; spin–other-orbit, M0, M2 and M4 and
electrostatically correlated spin–orbit, P2, P4 and P6) are written according to conventional
notation and meaning [4–8]. The operators represent angular integrals and their associated
parameters represent radial integrals, where the former can be evaluated exactly and the latter
can be determined by a semi-empirical approach [4].

The fitting procedure between experimental and calculated energy level values involves
the standard least-square fit method to get the free-ion parameters given in equation (1) along
with the minimum values of rms deviation (σ ) as a figure of merit in describing the quality of
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the fit. σ is defined as [6]

σ =
(∑

(Eexp
i − Ecal

i )
2

N

) 1
2

, (2)

where Eexp
i and Ecal

i are the experimentally observed and calculated energies for level i , and
N denotes the total number of levels included in the energy level fit.

The nephelauxetic ratio β and the bonding parameter δ are defined as [6, 9]

β = ν̄c/ν̄f and δ = [(1 − β̄)/β̄] × 100, (3)

where ν̄c and ν̄f refer to the wavenumbers of the corresponding transitions in the complex and
free ion, respectively. The β values for all the observed transitions are computed and their
average value (β̄) is used to estimate the bonding parameter δ (in per cent) for each system.
Depending on the ligands, the value of δ may be positive or negative, indicating covalent or
ionic bonding, respectively [6, 9].

3.2. Absorption spectra and Judd–Ofelt analysis

The optical absorption spectra of Ln3+ ions serve as a basis for understanding their spectroscopic
properties [10–15]. Intensities of the absorption bands are usually expressed in terms of
oscillator strengths ( f ) which are statistically weighted to account for the degeneracy of the
initial state and are calculated by using the following formula [15].

fexp = 4.32 × 10−9
∫

ε(υ) dυ, (4)

where ε is the molar absorptivity at energy ν cm−1.
The Judd–Ofelt model [16, 17] gives the theoretical estimation of the intensities of intra-

configurational f–f transitions of Ln3+ ions. According to this model, the transition intensities
are characterized by three phenomenological parameters known as JO intensity parameters,
�λ (λ = 2, 4 and 6), which depend on the local environment. Although a few magnetic dipole
transitions exist, the majority of these transitions are induced electric–dipole transitions. The
oscillator strength of an electric–dipole transition � J → � ′ J ′ is given by

fcal = 8π2mcυ

3h(2J + 1)

(n2 + 2)2

9n

∑

λ=2,4,6

�λ(� J‖Uλ‖� ′ J ′)2, (5)

where h is Planck’s constant, n is the refractive index of the medium, c is the velocity of light
in vacuum, m is the rest mass of an electron, υ is the mean energy of the transition in cm−1,
J is the total angular momentum quantum number of the initial state and ‖Uλ‖ are the doubly
reduced matrix elements of the unit tensor operator of rank λ = 2, 4 and 6 which are calculated
using intermediate coupling approximation [15] for the transition � J → � ′ J ′.

The experimental oscillator strengths ( fexp) for various transitions are evaluated using
equation (4) and are used in equation (5). A least-square fitting approximation is then used
to determine the �λ parameters which give the best fit between experimental and calculated
oscillator strengths. The relative magnitudes of the �λ parameters are useful for explaining
the bonding, symmetry and stiffness of the host matrices [2].

3.3. Radiative properties

The JO parameters are used to predict radiative properties. Although only a few magnetic
dipole transitions exist for the trivalent Ln3+ ions, these transitions are of interest, because
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their intensities are in a first-order approximation, independent of the ligand environment and
can thus be used as intensity standards. Moreover, the intensity of a magnetic dipole transition
can be calculated provided that suitable wavefunctions are available.

The electric (Sed) and the magnetic (Smd) dipole line strengths of a transition � J → � ′ J ′
are given by [15]

Sed = e2
∑

λ=2,4,6

�λ(� J‖Uλ‖� ′ J ′)2 (6)

and

Smd = e2h2

16π2m2c2

(
� J‖L + 2S‖� ′ J ′)2

, (7)

respectively. The radiative transition probability (A) for the transition � J → � ′ J ′ can be
evaluated from the relation

A
(
� J,� ′ J ′) = 64π4

3h(2J + 1)λ3

(
n(n2 + 2)2

9
Sed + n3Smd

)
(8)

and the fluorescence branching ratio (βR) can be obtained from the expression

βR
(
� J,� ′ J ′) = A

(
� J,� ′ J ′)

AT
(9)

where AT is the total radiative transition probability of � J state, given by

AT (� J ) =
∑

A
(
� J,� ′ J ′) . (10)

The radiative lifetime (τR) of � J level is given by

τR(� J ) = (AT(� J ))−1 =
(∑

A(� J,� ′ J ′)
)−1

. (11)

The peak stimulated emission cross-section (σ(λp)) for the transition � J → � ′ J ′ is
given by

σ(λp)(� J,� ′ J ′) = λ4
p

8πcn2�λeff
A(� J,� ′ J ′), (12)

where λp is the emission peak wavelength and �λeff is the effective bandwidth of the transition
� J → � ′ J ′.

3.4. Fluorescence decay: energy transfer

An excited Ln3+ (here, Nd3+) ion may relax to the initial ground state through radiative
transition or phonon emission or by transferring its excess energy to a nearby Ln3+ ion or
by a combination of relaxations [18–20]. In general, at low concentrations of dopant ions,
the interaction between optically active Ln3+ ions is negligible and the fluorescence decay
curves can be fitted straight away to a single exponential function to determine the lifetime of
the emitting level. However, when the concentration is large enough, the interaction between
these ions becomes so prominent that energy transfer takes place from an excited Ln3+ ion
(donor) to a non-excited Ln3+ (acceptor) ion, leading to a non-exponential shape of the decay
curves. But in the case of Nd3+ ion, even for low Nd3+ ion concentrations (0.1 mol%), the
behaviour is not perfectly single exponential. The non-exponential decay curves may be fitted
to a bi-exponential function and the average lifetime can be evaluated [18, 19].

The non-exponential nature of the fluorescence decay curves can be analysed by fitting
the data in the framework of the Inokuti–Hirayama (IH) model [20] to disclose the dominant
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mechanism of interaction. According to this model, the decay of the fluorescence intensity
follows the equation

I (t) = I0 exp

(
−

(
t

τ0

)
− Q

(
t

τ0

)3/S
)

, (13)

where t is the time after pulsed excitation and τ0 is the intrinsic decay time of the donors in the
absence of acceptors. The value S = 6, 8 or 10 depends on whether the dominant mechanism
of interaction is dipole–dipole, dipole–quadrupole or quadrupole–quadrupole, respectively.
The energy-transfer parameter Q is defined as

Q = 4π

3
�

(
1 − 3

S

)
N0 R3

0, (14)

where the � function, �(x), is equal to 1.77 in the case of dipole–dipole interaction
(S = 6), 1.43 for dipole–quadrupole interactions (S = 8) and 1.3 for quadrupole–quadrupole
interactions (S = 10). N0 is the concentration of acceptors, which is in practice equal to
the concentration of Ln3+ ions, and R0 is the critical distance defined as the donor–acceptor
separation for which the rate of energy transfer to the acceptors is equal to the rate of intrinsic
decay of the donors. The parameter Q can be derived in the fitting process of decay data. The
τ0 used in equation (13) corresponds to the case of isolated donors, where no energy transfer
takes place and the exponential decay curves exhibit perfect single exponential nature. The
donor–acceptor energy-transfer parameter CDA is related to R0 by the formula

CDA = RS
0 τ−1

0 . (15)

4. Results

4.1. Energy level analysis, free-ion and bonding parameters

The room-temperature optical absorption spectra of 1.0 mol% Nd3+-doped PKBAN(2),
PKBFAN(2) and PKBAFN(2) glasses are shown in figure 1. Table 3 shows the observed (Eexp)

and calculated (Ecal) free-ion energy positions and their empirical free-ion parameters for the
present systems along with some other reported Nd3+: systems that include BaLiBO (BaCO3 +
LiCO3 + H3BO3) glasses [5], NdAlO3 [6, 21], PSP (potassium sodium phosphate) glasses [22]
and free ion [23]. The hydrogenic ratios F2/F4 and F2/F6, the net electrostatic field

∑
Fk ,

the average nephelauxetic ratio (β̄) and the bonding parameter (δ) are also shown in table 3.

4.2. Optical absorption spectra—Judd–Ofelt parameters and radiative properties

From the optical absorption spectra (figure 1) the experimental oscillator strengths are estimated
using equation (4) and the best-fit JO parameters are determined using equation (5) as carried
out for other Nd3+:glasses [10–14, 24–27]. Though the contribution due to the magnetic
dipole is negligible, we determined those values also [5, 7]. The experimental and calculated
oscillator strengths for the present glasses along with experimental oscillator strengths for
Nd3+:phosphate glass (57P2O5 + 28.5BaO + 14.5K2O (BKP)) reported by Ajroud et al [2] and
Nd3+:fluoroborophosphate glass (Glass C:78NaH2PO4·H2O + 10H3BO3 + 10BaF2 + 2NdF3

(FBP)) reported by Kumar et al [24] are shown in table 4 for comparison. The JO parameters,
spectroscopic quality parameter, radiative and fluorescence lifetimes and quantum efficiencies
for the title glasses along with the reported glasses [2, 24] as well as commercial LG-750
glass [1, 28] are shown in table 5. The JO parameters have been used to predict radiative
properties such as transition probabilities (A), radiative lifetimes (τrad) and branching ratios
(βR) for the luminescent 4F3/2 level of Nd3+ ion in the present hosts (using equations (8)–(11)).
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Figure 1. Optical absorption spectra of Nd3+ ions in (a) PKBAN(2), (b) PKBFAN(2) and
(c) PKBAFN(2) glasses.
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Figure 2. Emission spectra of Nd3+ ions in (a) PKBAN(2), (b) PKBFAN(2) and (c) PKBAFN(2)
glasses.

4.3. Luminescence properties

The emission spectra for the 4F3/2 → 4IJ (J = 13/2, 11/2 and 9/2) transitions are shown in
figure 2 and the decay profiles of 4F3/2 → 4I13/2 for all the title glasses are shown in figure 3.
The calculated branching ratios (based on JO parameters) and their experimental values (from
the analysis of fluorescence spectra) are shown in table 6. The peak stimulated emission
cross-sections (σ(λp)) for the transitions 4F3/2 → 4IJ are determined using equation (12) and
those for the 4F3/2 → 4I11/2 transition are presented in table 6. The non-exponential decay
curves obtained for various concentrations have been analysed using the IH model fit and
various parameters (N0, the concentration of acceptor ions; τflu and τ0, the experimental and
the intrinsic lifetimes, respectively; Q, the energy-transfer fitting parameter; R0 and R, the
critical and mean distances between the donor and acceptor ions, respectively; and CDA, the
dipole–dipole interaction parameter) have been evaluated which are presented in table 7.
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Table 3. Experimental (Eexp) and calculated (Ecal) energy levels (cm−1), best-fit free-ion
parameters (cm−1), average nephelauxetic ratio (β̄) and the bonding parameter (δ) along with
hydrogenic ratios for Nd3+:complexes.

PKBAN(2) PKBFAN(2) PKBAFN(2) BaLiBO NdAlO3 PSP Free-ion
Transition [5] [6, 21] [22] [23]
4I9/2 → Eexp Ecal Eexp Ecal Eexp Ecal Eexp Eexp Eexp Eexp

4I9/2 0 25 0 3 0 9 0 0 0 0
4I11/2 1 781 1 845 1 761 1 822 1 795 1 842 — 1 913 — 1 398
4I13/2 3 793 3 725 3 774 3 705 3 739 3 801 — 3 895 — 2 893
4I15/2 — 5 829 — 5 812 — 5 846 — 5 975 — 4 454
4F3/2 11 507 11 399 11 442 11 397 11 442 11 391 — 11 268 11 571 9371
4F5/2 12 453 12 407 12 453 12 411 12 469 12 410 12 442 12 256 — 10 138
2H(2)9/2 12 531 12 677 12 531 12 632 12 531 12 628 12 566 12 459 12 584 10 033
4F7/2 13 405 13 366 13 405 13 372 13 405 13 373 13 383 13 285 13 567 10 859
4S3/2 13 477 13 455 13 514 13 458 13 477 13 459 13 519 13 372 — 10 950
4F9/2 14 620 14 638 14 620 14 630 14 620 14 638 14 734 14 557 14 767 11 762
2H11/2 15 949 15 957 15 949 15 904 15 924 15 915 15 972 15 725 — 12 495
4G5/2 17 153 17 154 17 153 17 173 17 153 17 154 17 138 16 857 17 356 14 187
2G7/2 17 483 17 296 17 422 17 295 17 391 17 284 17 286 17 151 — 13 888
4G7/2 19 048 19 047 19 048 19 051 19 048 19 044 18 979 18 787 19 225 15 443
4G9/2 19 531 19 409 19 531 19 425 19 531 19 420 19 531 — 19 564 15 705
2K13/2 — 19 681 — 19 628 — 19 623 — — — 16 089
2G9/2 20 964 21 043 20 921 21 034 20 964 21 041 21 191 20 792 — 16 764
2D3/2 21 322 21 292 21 186 21 205 21 186 21 200 — 20 815 — 17 096
4G11/2 — 21 367 — 21 393 — 21 392 — — — 17 410
2K15/2 21 692 21 636 21 645 21 584 21 645 21 586 21 673 — — 17 642
2 P1/2 23 310 23 309 23 256 23 232 23 256 23 228 23 245 22 990 — 18 694
2D5/2 23 866 23 867 23 810 23 827 23 810 23 821 — 23 579 — 19 046
2 P3/2 — 26 180 — 26 087 — 26 101 — 25 883 — 20 857
4D3/2 27 933 28 108 28 011 28 147 28 011 28 111 27 988 27 654 — 23 092
4D5/2 — 28279 — 28300 — 28265 — — — 23 246
4D1/2 28 571 28 600 28 653 28 645 28 571 28 615 28 588 28 264 — 23 465
2H(1)9/2 — 32 912 — 32 803 — 32 794 — 32 523 — —
σ(N) ±81 (21) ±66 (21) ±58 (21) ±34 (16) ±52 (22) ±67 (8) ±79 (26)

Parameters
β̄ 1.230 1.228 1.240 1.251 1.241 1.255 —
δ −18.699 −18.567 −19.355 −20.064 −19.400 −20.319 —
EAVG 24 244 24 199 24 193 24 233 23 929 23 479 19 581
F2 72 729 72 480 72 402 72 285 71 436 64 082 58 973
F4 53 450 53 615 53 462 52 594 51 905 63 128 43 023
F6 36 282 35 568 35 616 35 750 35 242 22 636 27 018
ξ 863 864 867 900 880 866 660∑

Fk 162 461 161 663 161 480 160 629 158 583 149 846 129 014
F2/F4 1.361 1.352 1.354 1.374 1.376 1.015 1.371
F2/F6 2.005 2.038 2.033 2.022 2.027 2.831 2.183

5. Discussion

5.1. Absorption spectra: energy level analysis

The optical absorption spectra for the title glass samples were recorded at room temperature.
The transitions in the absorption spectrum were assigned with the help of earlier
work [1, 2, 5, 7, 10–14] as they do not differ much from each other. These spectra are
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Table 4. Experimental ( fexp) and calculated ( fcal) oscillator strengths (10−6 units) for the
Nd3+:glasses.

PKBAN(2) PKBFAN(2) PKBAFN(2) FBP BKP
Transition [24] [2]
4I9/2 → fexp fcal fexp fcal fexp fcal fexp fexp

4F3/2 3.96 3.57 3.85 3.96 2.69 3.20 2.57 1.82
4F5/2, 2H9/2 10.98 11.61 10.93 11.12 10.44 10.03 7.74 6.76
4F7/2, 4S3/2 12.44 12.10 10.85 10.86 9.82 10.28 8.06 6.63
4F9/2 0.95 0.94 0.74 0.86 0.68 0.80 2.67 0.75
2H11/2 0.19 0.26 0.09 0.24 0.38 0.22 4.05 —
4G5/2, 2G7/2 35.17 35.20 25.17 25.24 27.61 27.67 17.75 15.68
4G7/2 6.26 5.87 6.59 5.58 5.68 5.02 5.46 4.30
4G9/2 4.97 3.34 5.21 3.29 4.65 2.88 6.18
2G9/2, 2D3/2, 2K15/2 2.52 2.05 2.39 2.10 2.23 1.80 4.21 4.57
2P1/2, 2D5/2 0.92 1.02 1.09 1.20 0.85 0.93 — 2.00
4D3/2, 4D1/2 16.27 16.54 18.84 19.21 14.77 15.10 — 10.02
σ(N) ±0.59 (11) ±0.68 (11) ±0.64 (11) ±0.20 (9) ±2.20 (9)

Table 5. Judd–Ofelt parameters (�λ), lifetimes τ (4F3/2), quality parameter (X) and quantum
efficiency (η) for 1.0 mol% Nd3+:glasses.

BKP FBP LG-750
Glass PKBAN(2) PKBFAN(2) PKBAFN(2) [2] [24] [1, 28]

�2 (10−20 cm2) 9.23 4.49 6.60 3.28 2.90 4.6
�4 (10−20 cm2) 7.00 8.28 6.36 3.54 5.20 4.8
�6 (10−20 cm2) 8.74 7.66 7.30 4.67 7.30 5.6
X = �4/�6 0.80 1.08 0.87 0.76 0.71 0.86
τrad (4F3/2) (µs) 214 211 244 430 271 367
τflu (4F3/2) (µs) 144 189 169 190 160 —
η = τflu/τrad 0.67 0.90 0.69 0.44 0.59 —

Table 6. Emission characteristics of 4F3/2 → 4IJ transitions in Nd3+:glasses.

βR
4F3/2 →

4I15/2
4I13/2

4I11/2
4I9/2 λp σ(λp) �λeff

(4F3/2 → 4I11/2) (4F3/2 → 4I11/2) (4F3/2 → 4I11/2)

Glass Exp Cal Exp Cal Exp Cal Exp Cal (nm) (10−20 cm2) (nm)

PKBAN(2) — 0.01 0.13 0.10 0.59 0.50 0.28 0.39 1054.4 6.48 25.5
PKBFAN(2) — 0.01 0.13 0.09 0.59 0.47 0.28 0.43 1054.4 6.23 25.1
PKBAFN(2) — 0.01 0.13 0.10 0.59 0.49 0.28 0.40 1054.4 5.27 26.5
BKP [2] — — 0.11 — 0.53 — 0.35 — 1059 2.78 29.3
FBP [24] — — 0.09 — 0.55 — 0.35 — 1057 4.70 27.5
LG-750 [1, 28] — — — — — — — — 1053.5 3.70 25.3

characterized by absorption bands associated with transitions from the ground 4I9/2 level of
Nd3+ ion to 4F3/2,5/2,7/2,9/2 , 2H9/2,11/2, 4S3/2, 4G5/2,7/2,9/2, 2G7/2,9/2, 2K15/2, 2P1/2, 4D3/2 and
4D1/2 excited levels. The band positions and intensities closely resemble the absorption spectra
of Nd3+ ions in glass media [1, 2, 5, 7, 10–14], though there is a slight variation in the relative
locations and intensities of the bands due to change in the glass composition.
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Figure 3. Luminescence decay profiles for the 4F3/2 → 4I13/2 state of the Nd3+ ion in (i) PKBAN,
(ii) PKBFAN and (iii) PKBAFN glasses for (a) 0.1 mol%, (b) 1.0 mol% and (c) 2.0 mol% Nd3+

ion concentrations.

Table 7. Various spectroscopic parameter (N0, τflu, τ0, Q, R0, CDA, Wn−r and Ar) values obtained
from decay curve analysis for Nd3+:glasses along with reported systems. (See table 1 for glass
labels and text for the details of parameter meanings.)

N0 τflu τ0 R0 R CDA Wn−r Ar

Glass (1020 ions cm−3) (µs) (µs) Q (nm) (nm) (10−40 cm6 s−1) (s−1) (s−1)

PKBAN(1) 0.246 232
PKBAN(2) 2.300 144 232 0.86 0.80 1.01 10.97 2272 4674
PKBAN(3) 4.904 121 1.33 0.72 0.79 5.76 3592
PKBFAN(1) 0.248 256
PKBFAN(2) 2.489 189 256 0.67 0.71 0.99 5.06 552 4750
PKBFAN(3) 4.935 132 1.24 0.70 0.79 4.49 2836
PKBAFN(1) 0.247 234
PKBAFN(2) 2.427 169 234 0.75 0.75 0.99 7.35 1819 4099
PKBAFN(3) 4.782 131 1.15 0.69 0.79 4.45 3535
Nd:YAG [36] 1.2 at.% — 170 — 0.56 — 1.8 — —
Nd3+:YAlO3 [37] 0.1 at.% — 175 — 0.52 — 1.5 — —

5.2. Free-ion and bonding parameters

The experimental energy level positions for all the transitions from the ground 4I9/2 state to
various excited states of Nd3+ ion in the titled hosts are measured from the absorption (figure 1)
as well as emission spectra (figure 2) and are presented in table 3. In table 3, the blank spaces
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under the Eexp columns indicate that these transitions are not observed, which may be due to
the fact that they are very weak, overlapped by stronger bands or forbidden by selection rules.
The observed energy levels have been analysed using HFI as defined in equation (1). In the
present systematic energy level fitting, only Fk and ξ were varied for all the systems using the
initial parameter values of Nd3+:LaCl3 [29]. In fact, for all of the systems, the experimental
data were not sufficient to vary all the free-ion parameters at a time during fitting. Four of
the atomic parameters (M2, M4, P4 and P6) were constrained according to M2 = 0.56M0,
M4 = 0.38M0, P4 = 0.75P2 and P6 = 0.50P2. The values of α = 22.12, β = −656,
γ = 1583, T 2 = 372, T 3 = 40, T 4 = 61, T 6 = −291, T 7 = 347, T 8 = 355, M0 = 1.84 and
P2 = 281 are fixed in the parameterization. The best-fit free-ion parameter values are shown in
table 3, and using these parameters, the calculated energy levels are obtained by diagonalizing
the energy matrix of 4f3 (Nd3+) configuration. However, the fits may be improved by allowing
all the free-ion parameters to vary, but in the present analysis only a few of the most important
parameters are varied and all the remaining ones are fixed to have better qualitative comparison.

The nephelauxetic ratio,β, and the bonding parameter,δ, are calculated using equation (3),
using the free-ion energy levels reported by Carnall et al [23]. The negative quantities of
bonding parameters δ for all the systems indicate that the bonding of Nd3+ ions with the local
host is ionic. Based on the relative magnitude of δ (cm−1) values, among the various glasses, it
is found that PKBAFN(2) exhibits higher ionic character (δ = −19.355) whereas PKBFAN(2)
exhibits lower ionic character (δ = −18.567). The net electrostatic effects (

∑
k Fk , cm−1)

experienced by the Nd3+ ion in the title 1.0 mol% glasses varied in the order of PKBAFN(2)
(161 480) < PKBFAN(2) (161 663) < PKBAN(2) (162 461) and are found to be relatively
greater than that for free-ion (129 014). As seen from the trends of hydrogenic ratios within
the title glasses, there is no systematic variation since F2/F4 was found to be maximum for
PKBAN(2) whereas F2/F6 was found to be maximum for PKBFAN(2). However, F2/F4

and F2/F6 for the title glasses are relatively lower than those found for the free ion. This
trend suggests that a considerable amount of expansion of 4f3 configuration is noticed in title
glasses. The free-ion parameters and the hydrogenic ratios derived for Nd:PSP glass differ
considerably; this may be due to the lower number of levels used for energy level analysis as
noticed in the earlier energy level analysis [6, 29].

5.3. Oscillator strengths and Judd–Ofelt analysis

The Judd–Ofelt theory provides a reasonably good description for the spectral transition
intensities of Nd3+ ions in the glass matrices. As seen from table 4, the experimental oscillator
strengths observed in the present glasses are in close agreement with the calculated ones with
root-mean-square deviation values ±0.59 (PKBAN(2)) and ±0.68 (PKBFAN(2)) and ±0.64
(PKBAFN(2)). From table 4, it is obvious that the non-symmetric component of the electric
field acting on Nd3+ ions is relatively higher in glasses under investigation than those in FBP
and BKP glasses since most of levels in the present case possess relatively higher oscillator
strengths.

Table 5 presents the JO parameters (�λ, λ = 2, 4 and 6) for the neodymium-doped
glasses. Among the glasses under investigation, based on the order of the �2 value, it is
evident that the disorder increased in the sequence PKBFAN(2) < PKBAFN(2) < PKBAN(2).
Also it is obvious that there is no uniform trend of variations in JO parameters since the
observed trend is �4 < �6 < �2 for PKBAN(2), �2 < �6 < �4 for PKBFAN(2) and
�4 < �2 < �6 for PKBAFN(2). Further, the value of �6 is observed to decrease in the
sequence PKBAN(2) > PKBFAN(2) > PKBAFN(2), indicating that Nd3+ ions experience
stronger rigidity in PKBAFN(2) glass.
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The spectroscopic quality parameter (X) and the quantum efficiency (η) are also presented
in table 5. The X and η values were found to be relatively higher for PKBFAN(2) glass than
for those glasses listed in table 5. Interestingly the X values found for PKBAFN(2) are quite
similar to that for commercial glass [1, 28]. The derived η for title glasses are relatively higher
than those found for FBP and BKP glasses.

5.4. Emission spectra

The emission spectra for the glasses under investigation are shown in figure 2. The emission
band wavelength, experimental and calculated branching ratios, the peak stimulated emission
cross sections and effective bandwidths are reported in table 6. From this table, it is obvious
that there is no significant effect of chemical composition on the emission band wavelength (λp)
for all the systems. It is noticed that the present glasses possess relatively higher cross-sections
than those previously reported [1, 2, 24, 28].

The values of branching ratios (βR) for the 4F3/2 → 4IJ (J = 15/2, 13/2, 11/2 and 9/2)
transition depend on the �4/�6 since �2 does not contribute in determining the intensity of
these bands as ‖U 2‖2 is zero for these transitions. This relation allows us to compare the
branching ratios versus JO intensity parameter ratios. In general, �4/�6 is nearly unity for
most of the commonly reported phosphate laser compositions. To be more specific, in the
metaphosphate laser glass compositions, approximately 40% of transitions terminate at the
4I9/2 state, 50% at the 4I11/2 state, 10% at the 4I13/2 state and typically less than 0.5% radiates
to the 4I15/2 state [1], which is similar to our derived values (table 6). The experimental and
calculated βR for Nd3+-doped borate crystals [30] exhibit a similar trend and also those values
are comparable with the present glasses.

5.5. Luminescence decay and non-radiative processes

When the Nd3+ ion is excited from its ground state to the levels having energy higher than that
of 4F3/2, they decay non-radiatively to lower levels down to the 4F3/2 state due to very small
energy gaps between the adjacent energy levels. As the energy gap between the metastable
4F3/2 level and its lower level 4I15/2 is sufficiently large (5600 cm−1 approximately), radiative
transitions will predominate here over the non-radiative transitions (figure 4).

The radiative lifetime of the 4F3/2 state depends upon the values of JO parameters,
especially on �4 and �6, as well as on the host refractive index. It represents a mean value
over the different sites occupied by the Nd3+ ions in the glass matrix and it is higher than
that determined experimentally from the luminescence decay. This reduction in experimental
lifetime can be explained by considering all the possible relaxation processes relative to the
excited Nd3+ ions.

If the experimentally measured lifetime of the emitting state is denoted by τ , then the total
decay rate (1/τ) is the sum of radiative (Ar) and non-radiative (Wn−r) decay rates. Therefore,

1/τ = Ar + Wn−r. (16)

In phosphate glasses, principally, there are four non-radiative processes contributing to
the reduction of measured lifetime of the emitting level.

Wn−r = Wm−p + Wc−q + We−t + WOH (17)

where Wm−p, Wc−q, We−t and WOH denotes the non-radiative decay rates corresponding to the
multiphonon relaxation process, concentration quenching, energy transfer to another doping
impurity and hydroxyl (OH−) groups, respectively. Wm−p decreases exponentially as the
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Figure 4. Energy level diagram of Nd3+ ion with (a) radiative (R, shown by straight arrows) and
non-radiative (NR, shown by curved arrows) transitions and (b) cross-relaxation channels.

energy gap between the neighboring energy levels increases [31, 32]. For the Nd3+ ion, the
energy gap between the 4F3/2 level and its lower level 4I15/2 is sufficiently large enough that
Wm−p is negligible compared to the radiative decay rate of the 4F3/2 level of the Nd3+ ion in
phosphate glasses [33, 34].

For weak concentrations, the non-radiative relaxations due to ion–ion interactions (Wc−q

and We−t) will be almost negligible and the radiative lifetime will be in agreement with that
of experimental values. But our systems have shown a slightly non-exponential shape of the
decay curves even at low concentrations (<0.25 × 1020 ions cm−3) indicating that there is a
slight chance for a non-radiative process, most probably by cross-relaxation and the transfer of
energy to OH− ions. It is also reported that enhanced lifetimes have been noticed in Nd:YAG
nanostructures on removing OH− radicals from the closest surroundings of Nd3+ ions [35].

In all the glass systems PKBAN, PKBFAN and PKBAFN as already discussed above, the
lifetime is decreased with increase in concentration of acceptors (Nd3+ ions). The decay curves
for all three concentrations in all the glasses are found to be non-exponential and this non-
exponential nature increases with increase of Nd3+ ion concentration due to enhanced energy
transfer by cross-relaxation between two Nd3+ ions [2]. This is also clearly evident from the
decreased lifetimes of the 4F3/2 level in PKBAN (decreased from 232 to 121 µs), PKBFAN
(decreased from 256 to 132 µs) and PKBAFN (decreased from 234 to 131 µs) glasses when
the concentration of Nd3+ ions is increased from 0.1 to 2.0 mol%.

The non-exponential nature of the decay curves is well fitted to the Inokuti–Hirayama
model for S = 6, indicating that the dominant interaction for energy transfer through
cross-relaxation between Nd3+ ions is of dipole–dipole type. The channels that could be
responsible for cross-relaxation of Nd3+ ions are (4F3/2 + 4I9/2) → (4I15/2 + 4I15/2) or
(4F3/2 + 4I9/2) → (4I13/2 + 4I15/2) [31, 33] (see figure 4). Similar results of concentration
quenching of the emission of Nd3+-doped materials have also been reported [36–38]. The
derived parameters from IH fits are presented in table 7. The energy-transfer fitting parameter
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Q is increased whereas the donor–acceptor separation (R0) and dipole–dipole interaction
parameter (CDA) are decreased with increase in concentration. From table 7, it is noticed that
the value of R0 is less than the average distance, R(R = (3/4π N0)

1/3), between the donor and
acceptor. It is also obvious that the values of Q, CDA and Wn−r are found to decrease when the
glasses are modified with fluoride compounds. The values of τ0, R0 and CDA obtained for the
present glasses are found to be relatively higher than those values derived for Nd:YAG [36]
and Nd3+:YAlO3 [37].

6. Conclusions

The spectroscopic properties of Nd3+-doped phosphate and fluorophosphate glasses for three
concentrations of Nd3+ ions are studied and are found to be comparable with the reported values.
Radiative properties are predicted for 1.0 mol% doped glasses using the best-fit JO parameters
derived from their respective absorption spectra and are comparable with the experimental
values. The relatively higher �2 value for the present systems represent a stronger covalent
bond and a lower symmetry for their structure compared to other reported glass systems. This
is clearly supported by the relatively larger emitting wavelengths compared to the reported
commercial system. The measured decay curves for all the three concentrations of Nd3+ ions
in the title glasses are found to be non-exponential. Increase of non-exponential nature and
decrease of lifetime of the 4F3/2 level are noted when the concentration of Nd3+ is increased
from 0.1 to 2.0 mol% in all the glass systems. The IH model analysis on the non-exponential
nature of the decay curves reveals that the interaction responsible for cross-relaxation between
the acceptor and donor ions is of dipole–dipole type. These studies are helpful for optimizing
the glass composition to enhance the laser properties of Nd3+:phosphate glasses.
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