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Abstract
Optical properties of lead borate glasses containing Dy3+ ions were examined using absorption
and luminescence measurements and theoretical calculations based on the Judd–Ofelt
framework and the Inokuti–Hirayama model. The luminescence spectra show two characteristic
bands at 480 and 573 nm, which are due to 4F9/2–6H15/2 (blue) and 4F9/2–6H13/2 (yellow)
transitions of trivalent Dy3+ ions. The yellow/blue luminescence and its decay were analyzed as
a function of activator concentration.

1. Introduction

During the past decades, rare earth and/or transition metal
containing heavy metal lead glasses based on PbO–XO2

(X = Ge [1], Si [2] or Te [3]), PbO–Y2O3 (Y = Bi and/or
Ga [4–8]) and PbO–Z2O5 (Z = P [9] or Nb [10]) have been
extensively studied using optical spectroscopy. Of these, PbO–
B2O3 based glasses are attractive optical materials due to their
unique structural and physicochemical properties [11–13].
Depending on PbO/B2O3 ratios, various borate groups like
penta- and di-borates containing three and/or four coordinated
boron, ring- and chain-type metaborate units containing non-
bridging oxygen atoms, and boroxol rings can be found in lead
borate glass systems. The presence of structurally different
borate units in the B2O3–PbO glass network is favorable for
investigation using spectroscopic methods. These structural
differences are usually correlated to chemical composition,
kinds of modifiers and conditions during glass manufacturing.
Moreover, PbO–B2O3 based glasses are characterized by
second-order optical nonlinearity [14, 15] and wider visible-
to-NIR transparency range in comparison to traditional borate
glasses. Refractive indices varying from 1.6 to 1.9 [16] and
forward/back BO3 ↔ BO4 conversion [17] strongly depend
on the B2O3/PbO ratio in the glass composition.

On the other hand, lead borate glass creates an excellent
host to incorporate rare earth ions. The role of PbO and rare
earth ions in the structure, conductivity, dielectric and optical
properties of lead borate based glasses has been extensively
discussed [18–22]. The luminescence properties of lead borate
glasses doped with Ln3+ ions have been examined in our

previously published works. The quite intense visible [17] and
near-infrared [23] luminescence spectra for selected rare earth
ions in B2O3–PbO based glasses were registered. However,
luminescence of Dy3+ was analyzed considerably less than
other Ln3+ ions.

Optical properties of Dy3+ ions in some crystals [24–34],
glasses [34–42] and glass-ceramics [43–46] are reported in
the literature. Low-phonon-energy glasses containing Dy3+
ions have been studied for near-infrared (1.3 μm) optical
amplifiers [47–51] and yellow–green up-conversion [52–55]
applications. Special attention has been devoted to Dy-doped
borate glasses with various chemical compositions [56–61].

In the present study, the optical properties of Dy3+
ions in B2O3–PbO–Al2O3–WO3 glasses have been examined.
The systematic spectroscopic studies include absorption
and emission, Judd–Ofelt calculations and luminescence
decay analysis for glass samples with various activator
concentrations. Several spectroscopic parameters for Dy3+
ions in lead borate glasses were evaluated. The experimental
results were compared to the theoretical calculations obtained
from the Judd–Ofelt framework [62, 63] and the Inokuti–
Hirayama model [64].

2. Synthesis and experimental methods

Series of lead borate glasses (in wt%), (73 − x)PbO–
18B2O3–6Al2O3–3WO3–xDy2O3, were prepared by mixing
and melting of appropriate amounts of lead oxide, boron oxide,
aluminum oxide, tungsten oxide and dysprosium oxide of high
purity (99.99%, Aldrich Chemical Co.). Reagents were mixed
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Figure 1. Absorption spectra for Dy3+ ions in lead borate glasses.

homogeneously together in an agate ball mill for 2 h. In doped
samples, the PbO was partially substituted by dysprosium ions
in various concentrations (x = 0.5–3 wt%). Dy-doped lead
borate glasses were melted at 900 ◦C for 1 h, quenched and
annealed below Tg in order to eliminate the internal mechanical
stresses.

Absorption spectra were recorded using a Varian 2300
UV–vis–NIR spectrophotometer. Luminescence spectra and
decay curves were observed using a Jobin Yvon Fluoromax4
spectrophotometer. The spectral resolution was equal to
0.1 nm. Luminescence decay curves were detected with an
accuracy of ±1 μs. All spectral measurements were carried
out at room temperature.

3. Results and discussion

3.1. Absorption and the Judd–Ofelt calculations

Selected room-temperature absorption spectra for Dy3+ ions
(0.5 and 1 wt%) in lead borate glasses are presented in
figure 1. The spectra consist of several inhomogeneously
broadened transitions from the 6H15/2 ground state to the
6H11/2, 6F11/2, 6F9/2, 6F7/2, 6F5/2, 6F3/2, 4F9/2, 4I15/2 and 4G11/2

excited states belonging to the 4f9 electronic configuration of
trivalent dysprosium. For the sample with low (0.5 wt%) Dy3+
concentration, a quite intense and broadened absorption band
between 500 and 800 nm can be additionally observed, which
is probably associated with the presence of a color center.
The visual observation of glass samples proves this hypothesis.
This glass sample has an intense green color in contrast to the
other well prepared yellow Dy-doped lead borate glasses. The
glass sample with 1.0 wt% Dy3+ was used for further Judd–
Ofelt calculations.

The radiative transition probabilities for excited levels of
Dy3+ ions have been calculated using the standard Judd–Ofelt
theory [62, 63]. The spectral intensities of the absorption bands
are estimated by measuring the areas under the absorption lines

using the relation

Pmeas = 4.318 × 10−9
∫

ε(ν) dν (1)

where
∫

ε(ν) represents the area under the absorption line. The
molar absorptivity ε(ν) of the corresponding band at energy ν

(cm−1) under the integral is given by

ε(ν) = A/c · l (2)

where A indicates the absorbance, c is the concentration of the
Dy3+ ion in mol l−1 and l is the optical path length.

The theoretical oscillator strength for each transition of
Dy3+ ions, within 4f9 configuration, was calculated using the
relation

Pcalc = 8π2mc(n2 + 2)2

3hλ(2J + 1) · 9n

×
∑

t=2,4,6

�t (〈4 f N J‖U t‖4 f N J ′〉)2 (3)

where m is the mass of the electron, c is the velocity of light,
h is the Planck constant and λ is the mean wavelength of the
transition. In performing the analysis, a constant value of 1.92
was used for n, the refractive index of the medium. ‖U t‖2

represents the square of the matrix elements of the unit tensor
operator U t connecting the initial and final states. The squared
reduced matrix elements ‖U t‖2 taken from [34] have been used
for calculations. Equation (3) accounts for electric dipole line
strengths only.

As mentioned above, the oscillator strengths of the
observed transitions were obtained from the optical absorption
bands, whereas the theoretical oscillator strengths were
calculated based on the Judd–Ofelt theory using equation (3).
Measured and calculated data are collected in table 1. The three
�t (t = 2, 4, 6) intensity parameters of equation (3) are found
by a least squares fitting of the experimental and theoretical
electric dipole oscillator strengths. The phenomenological
Judd–Ofelt parameters for Dy3+ ions in lead borate glasses are
found to be �2 = 4.90 ± 0.18, �4 = 0.94 ± 0.19, �6 =
2.07 ± 0.09 (in 10−20 cm2 units). The quality of the fit can be
expressed using the following relation: d = �(Pmeas − Pcalc).
The deviation of the fitted values is equal to d = 0.7 × 10−6.
The �t values are used to calculate the radiative transition
probabilities, branching ratios and radiative lifetimes.

The radiative transition probability AJ for excited levels
of Dy3+ ions from an initial state J to a final ground state J ′
was calculated using the relation

AJ = 64π4e2

3h(2J + 1)λ3
× n(n2 + 2)2

9

×
∑

t=2,4,6

�t (〈4 f N J‖U t‖4 f N J ′〉)2. (4)

The total radiative emission probability AT involving all the
intermediate terms is given by the sum of the AJ terms
calculated over all terminal states. Thus, radiative lifetime τrad

of an excited level is given by the inverse of the total radiative
emission probability,

τrad = 1∑
i AJ i

= 1

AT
. (5)
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Table 1. Measured and calculated oscillator strengths for Dy3+ ions in lead borate glasses. Transitions are from the 6H15/2 ground state to the
levels indicated. Wavelengths correspond to average transition energies. The three phenomenological intensity parameters �t (t = 2, 4, 6) are
found to be �2 = 4.90 ± 0.18, �4 = 0.94 ± 0.19, �6 = 2.07 ± 0.09 (in 10−20 cm2 units); d = �(Pmeas − Pcalc) = 0.7 × 10−6.

Oscillator strengths

Levels
Wavelength
λ (nm)

Energy ν

(cm−1) Pmeas (×10−6) Pcalc (×10−6)
Pmeas − Pcalc

(×10−6)

6H11/2 1695 5 900 1.290 1.375 0.085
6F11/2 1282 7 800 5.730 5.719 0.011
6F9/2 1093 9 150 2.330 2.356 0.026
6F7/2 901 11 100 2.330 2.263 0.067
6F5/2 485 12 430 1.370 1.128 0.242
6F3/2 805 13 300 0.220 0.215 0.005
4F9/2 472 21 200 0.260 0.182 0.078
4I15/2 452 22 100 0.440 0.496 0.056
4G11/2 426 23 450 0.180 0.050 0.130

Table 2. Calculated radiative transition rates AJ , luminescence
branching ratios β and corresponding radiative lifetimes τrad for
Dy3+ in lead borate glasses. The values of measured lifetime τm and
quantum efficiency η for the 4F9/2 level of Dy3+ are also indicated.

Transition λ (nm) AJ (s−1) β (%) τrad (μs) τm (μs) η (%)

4F9/2−6F1/2 1373 0.08 <0.01 638 447 70
6F3/2 1275 0.15 <0.01
6F5/2 1156 11.05 0.70
6F7/2 992 6.09 0.40
6H5/2 918 3.93 0.25
6H7/2 836 23.61 1.51
6F9/2 830 9.21 0.60
6F11/2 749 31.51 2.01
6H9/2 746 25.29 1.61
6H11/2 662 99.53 6.35
6H13/2 573 1046.49 66.75
6H15/2 480 310.79 19.82

The luminescence branching ratio β is defined as

β = AJ∑
i AJ i

(6)

which indicates relative intensities of transitions from the
excited level to all terminal levels.

The calculated radiative transition probabilities AJ to-
gether with luminescence branching ratios β and correspond-
ing radiative lifetimes τrad for Dy3+ ions in lead borate glasses
are summarized in table 2.

3.2. Luminescence

Figure 2 presents luminescence spectra for Dy3+ ions in lead
borate glasses. Luminescence was analyzed as a function of
activator (Dy3+) concentration. Luminescence spectra were
recorded under excitation by 386 nm (4K17/2 state) or 450 nm
(4I15/2 state) lines. Independently of excitation wavelengths,
two relatively intense bands at 480 and 573 nm, and a
considerably less intense band at 662 nm, have been observed.
They correspond to 4F9/2 → 6H15/2 (blue), 4F9/2 → 6H13/2

(yellow) and 4F9/2 → 6H11/2 (red) transitions of Dy3+ ions,
respectively. All transitions are shown in the energy level
scheme, which was constructed for Dy3+ ions in lead borate
glass (figure 3). Owing to small energy gaps between all states

Figure 2. Luminescence spectra for lead borate glasses with various
Dy3+ contents.

lying above 21 000 cm−1, the 4F9/2 state is efficiently populated
by non-radiative relaxation. Then, quite strong yellow and blue
luminescence originating from the 4F9/2 state is observed. This
phenomenon is due to large separation (∼6000 cm−1) between
the 4F9/2 state and the next lower lying 6F1/2 state as well as
the relatively high phonon energy of the host (∼1300 cm−1).

Several spectral parameters (λ, �λ, Y/B and τm) for
Dy3+ ions in lead borate glasses were evaluated from the
luminescence measurements. The results are given in table 3.

The yellow-to-blue luminescence due to 4F9/2 → 6H15/2

and 4F9/2 → 6H13/2 transitions has been analyzed as a
function of Dy3+ content. The 4F9/2 → 6H13/2 transition is
hypersensitive and its luminescence intensity strongly depends
on the host, in comparison to the less sensitive 4F9/2 →
6H15/2 transition of Dy3+. It results in different yellow-to-blue
luminescence intensity ratios (Y/B). The higher values of Y/B
indicate the higher degree of covalence between dysprosium
and oxygen ions. The intensity of yellow emission due to
the 4F9/2 → 6H13/2 transition increases when the activator
concentration varies from 0.5 to 3 wt%. Thus, the yellow-
to-blue luminescence intensity ratios (Y/B) are changed from
1.05 to 1.15.

3
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Figure 3. Energy level scheme for Dy3+ ions in lead borate glasses.
All transitions are also indicated.

Table 3. Spectral parameters (λ, �λ, Y/B and τm) for Dy3+ ions in
lead borate glasses.

Transition

4F9/2–6H13/2

(yellow)

4F9/2–6H15/2

(blue)
Dy content
(wt%) λ (nm) �λ (nm) λ (nm) �λ (nm) Y/B τm (ms)

0.5 573 14 479 18 1.05 0.47
1.0 573 14 479 18 1.08 0.47
1.5 573 15 480 18 1.11 0.39
2.0 573 14 479 18 1.13 0.36
3.0 573 14 479 18 1.15 0.29

3.3. Luminescence decay analysis

The kinetics of luminescence decays from the 4F9/2 state of
Dy3+ ions in lead borate glasses was investigated. For low
Dy3+ concentration, the measured 4F9/2 lifetime (τm) was
determined to be 0.47 ms. This is consistent with values
of 0.45 and 0.52 ms obtained for borate glasses [65] and
crystals [66] containing Dy3+ ions. The radiative 4F9/2 lifetime
(τrad) calculated from the Judd–Ofelt framework is close to
0.638 ms (see table 2). Thus, the quantum efficiency of the
4F9/2 excited state η given by equation (7) is quite large. Its
value seems to be close to 70%.

η = τm

τrad
× 100%. (7)

Figure 4 presents luminescence decay curves detected for
glass samples with various activator Dy3+ content. The
luminescence decay curves for the 4F9/2 state are changed
from a near single exponential to non-exponential with
increasing Dy3+ content. The measured lifetime for 4F9/2

state decreases from 0.47 to 0.29 ms, when Dy3+ content
varies from 0.5 to 3 wt% (see table 3). This behavior is
due to activator–activator interaction increasing. For higher
activator concentration, the interaction between neighboring
dysprosium ions becomes important and makes a contribution
to the energy transfer processes from excited (donor) to ground

Figure 4. Luminescence decay curves for 4F9/2 state of Dy3+ ions in
lead borate glasses.

(acceptor) Dy3+. This results in concentration-dependent
luminescence quenching.

In order to estimate the ion–ion interaction the Inokuti–
Hirayama model [64] has been applied for luminescence decay
curve analysis. The Inokuti–Hirayama model is applicable
only for analysis of energy transfer processes, where the
donor–acceptor transfer is faster than migration. Considering
a non-exponential character of the decay, the time evolution of
the luminescence intensity was fitted to that predicted by the
formula:

I (t) = A exp[−(t/τ0) − α(t/τ0)
3/s] (8)

where A is a constant, I (t) is the luminescence intensity after
pulse excitation, τ0 is the intrinsic lifetime of the donor in the
absence of an acceptor, s = 6 for a dipole–dipole interaction
between the ions, and α is the parameter given by the relation

α = 4/3π(1 − 3/s)Na R3
0 (9)

where  is the gamma function, Na is the concentration of
acceptor ions and R0 is the critical transfer distance defined
as a donor–acceptor separation for which the rate of energy
transfer between a donor and an acceptor is equal to the rate of
intrinsic decay τ−1

0 .
The donor–acceptor interaction parameter Cda and the

energy transfer probability Wda are calculated using the
following relations:

Cda = R6
0τ

−1
0 (10)

Wda = Cda R−6
0 . (11)

Results of the fitting procedure using the Inokuti–Hirayama
model are given in table 4. The obtained values for the
low concentration (0.5 wt%) Dy-doped sample, such as the
critical transfer distance R0 = 5.78 Å and donor–acceptor
interaction parameter Cda = 0.79 × 10−40 cm6 s−1, are in
a good agreement with the results (R0 = 5.9 Å, Cda =
0.80 × 10−40 cm6 s−1) obtained by Jayasankar et al [67] for

4
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Table 4. Results of the fitting of the luminescence decay curves
from the 4F9/2 level of Dy3+ ions obtained using the
Inokuti–Hirayama model. The molar ion concentrations, the α
values, the critical transfer distances, the donor–acceptor interaction
parameters and the energy transfer probabilities are reported.

Ln3+
(wt%)

Na

(1020 ion cm−3) α

R0

(Å)
Cda

(10−40 cm6 s−1)
Wda

(s−1)

Dy 0.5 0.84 0.12 5.78 0.790 2119
1.0 1.68 0.12 4.58 0.200 2167
1.5 2.52 0.10 3.77 0.070 2438
2.0 3.36 0.06 2.89 0.015 2575
3.0 5.04 0.02 1.75 0.001 3482

fluoroborate glasses doped with Dy3+ ions. Additionally, the
Inokuti–Hirayama model gives a reasonably good fit for all
the samples with Dy3+ except the 3.0 wt% Dy-doped sample.
The fitting for the 3.0 wt% Dy3+ concentration sample shows
a small deviation through the whole decay. However, a fit
with s = 8, 10 applying to the decay curve of 3.0% of Dy3+
ions did not find any importance of other multipolar processes.
In spite of this fact, it is difficult to exclude the possibility
of a migration mechanism presence in higher concentration
than 3.0 wt% Dy-doped glass samples. It also results in
an unexpectedly smaller value of the critical radius R0 for
the 3.0 wt% Dy-doped glass sample. However, the value of
R0 = 5.78 Å for the 0.5 wt% Dy-doped sample is similar to
ones (5–5.5 Å) obtained for Pr3+ and Tm3+ ions in lead borate
glasses [68].

The critical transfer distance and measured lifetime were
used to calculate the donor–acceptor interaction parameter Cda

and the energy transfer probability Wda given by equations (10)
and (11), respectively. Comparison of Wda values indicates
significantly smaller self-quenching luminescence of Dy3+
than Pr3+ and Tm3+ ions in lead borate glasses [68].

4. Conclusions

Dysprosium-doped lead borate glasses were examined with
respect to the experimental measurements and theoretical
calculations. Several spectroscopic parameters for Dy3+
ions in lead borate glass were determined from absorption
and emission measurements and then compared to the
theoretical values, which were calculated basing on Judd–
Ofelt framework. Luminescence decay curves were well
fitted using the Inokuti–Hirayama model and analyzed in
order to estimate Dy–Dy interactions in lead borate glass
matrix. The luminescence spectra show two bands at 480 and
573 nm, which are related to 4F9/2–6H15/2 (blue) and 4F9/2–
6H13/2 (yellow) transitions of Dy3+. The branching ratio of
yellow/blue luminescence and its decay from the 4F9/2 state of
Dy3+ changed with the activator concentration. The systematic
studies indicate that Dy-doped lead borate glasses are attractive
solid-state laser materials for generation of visible light.
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