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Abstract

A new series of monolithic Eu;O3-doped high antimony oxide (40-80 mol%) content
disordered matrices (glasses) of low phonon energy (about 600 cm™!) in the K,0-B,03-Sb,03
(KBS) system was prepared by the melt—quench technique. Infrared reflection spectroscopy
was used to establish the low phonon energy of the glasses. Amorphicity and devitrification of
the glasses were confirmed by x-ray diffraction analysis. UV-vis absorption spectra of Eu?*
have been measured and the band positions have been justified with quantitative calculation of
the nephelauxetic parameter and covalent bonding characteristics of the host. These
Eu,03-doped glasses upon excitation at 393 nm radiation exhibit six emission bands in the
range 500-750 nm due to their low phonon energy. Of these, the magnetic dipole Dy — 'F;
transition shows small Stark splitting while the electric dipole Dy — ’F, transition undergoes
remarkable Stark splitting into two components. They have been explained by the crystal field
effect. The Judd—Ofelt parameters, €2;-, 4.6, Were also evaluated and the change of €2, with the
glass composition was correlated with the asymmetric effect at Eu** ion sites and the
fundamental properties like covalent character and optical basicity. We are the first to report the
spectroscopic properties of the Eu** ion in KBS low phonon antimony glasses.

1. Introduction

Glasses doped with rare earth (RE) ions have emerged as a
significant category of solid state luminescent material and
are finding ever-increasing applications as compact visible
and NIR lasers, broad band amplifiers, light-emitting devices,
color display panels, optical data storage, sensors, optical
communications, etc [1-3]. In particular, the rising demand
in visible laser sources has provoked significant exploitation
of RE ions like Eu’*, Sm**, Dy**, Tm** and Pr’* within
various disordered matrices [1, 2, 4-6]. Within the rare earth
family, trivalent europium (Eu®*) is an important activator for
inorganic lattices and is well recognized as a powerful pure red-
light-emitting center for display devices due to its dominant
Dy — ’F, electronic transition [2, 5-15]. The role of the
disordered glass environment on the optical properties of rare
earth ions is significantly important because it influences the
intra-configurational optical transitions. The non-degenerate
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nature of the (excited) Dy and the "Fy (ground) state and
relatively simple energy level system makes Eu* ions a highly
convenient spectroscopic probe for studying the symmetry and
inhomogeneity (crystal field effect) present in the host matrices
and consequently present valuable information regarding
structure and bonding properties of various hosts [16, 17]. In
a free Eu** ion the transitions between the different levels of
the 4f" configuration are prohibited by the Laporte selection
rule [18]. However, when the Eu®* ions are embedded within
a matrix (glass), the ligand field due to the surrounding ions
constituting the host perturbs the free ion levels, causing
admixing of energy states of different configurations (e.g. 4"
and 4"~13d!, etc) resulting in non-degeneracy so that the
intra-configurational (4f") transitions become allowed [19].
Slight disparity in the bonding parameters (e.g. ligand distance,
ligand angle, coordination number and covalency) causes
variation in the strength of the ligand field and consequently in
the energy levels of the free ion. Thus, the rare earth absorption

© 2010 IOP Publishing Ltd  Printed in the UK
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and fluorescence spectra are governed by the local environment
around the RE ion.

High transparencies, mechanical strength, ease of
fabrication and strong resistance towards atmospheric moisture
have helped oxide glasses to emerge as potential hosts for
RE ions. As well, heavy metal oxide (HMO) glasses possess
some additional advantages like high refractive index, large
transmission window, large nonlinear optical properties and,
most importantly, low phonon energy. Phonon energy is the
lattice vibration in a material that can provide nonradiative
decay pathways to suppress luminescence. Thus, low phonon
HMO glasses are critical for the reduction of nonradiative
losses through multiphonon relaxations, thereby encouraging
radiative emissions [7-12]. For the Eu®* ion, since the red
fluorescence is due to the transitions from the *Dy level, which
has much higher energy than the next lower level ("Fg), so the
phonon energies of the hosts are not a very essential criterion to
obtain the red emission [4, 13—17]. However glasses with low
phonon energy are advantageous to decrease the multiphonon
relaxation rate and obtain efficient radiative emissions from the
Dy level [7-12]. Besides, the low phonon glasses also provide
an opportunity to investigate the unusual emission transitions
from the Dy, °D, and >Dj levels of Eu** which are rarely
observed in hosts of high phonon energy [7, 8].

Although detailed structural and optical investigations
have been performed on low phonon HMO glasses like
tellurite, lead and bismuth glasses [7—12], to the best of our
knowledge there is no report dealing with the fluorescence
properties of Eu’*-ion-doped high antimony-oxide-containing
glasses along with their infrared reflection spectral study. This
is because the Sb’* cation is not a good glass former due
to its weak field strength (0.73) [20]. Further, the intense
volatilization, crystallization of the melts and, above all, the
difficulty in obtaining a monolithic glass have hindered the
exploitation of antimony oxide systems particularly in the area
of photonics [20]. It is only in recent times that we first
reported the systematic analysis of the emission (upconversion)
spectra of three different rare earth ions Sm>*, Er¥* and Nd**
ions doped separately into antimony oxide (70 mol% Sb,03)-
based monolithic glass and they proved to be a very good
quality of solid state laser material [21-23]. Sb,O3-containing
glasses deserve special attention because they are expected
to possess a combination of attractive properties like high
density, large transmission window (about 0.35-6.5 um), low
phonon energy (600 cm™'), low melting and glass transition
temperature, and high linear thermal expansion, even to match
those of certain metals and alloys [20]. The development of
new glass-based optical devices requires a better perception of
the interionic interactions which are deeply associated with the
fundamental physics of rare earth ions. The optical properties
of RE ions in glasses depend on the chemical composition of
the glass matrix which determines the structure and nature of
the bonds [24].

Pondering over these issues, in this paper we report a
study on the IRRS, UV-vis absorption and photoluminescence
downshifting properties of the Eu** ion in a series of
high antimony-oxide-containing glasses having the general
composition (mol%) xK,O-xB,03—(100 — 2x)Sb,03, where

x = 10-30. Evidence for low phonon energy of the
glasses has been provided from the infrared reflection spectra.
The emission bands are supported from the evaluation
of absorption and excitation spectra, and an energy level
diagram. The purpose of this investigation is to obtain a
deeper understanding of low phonon antimony glasses and
demonstrate the optical properties (luminescence and others)
of Eu’* in these glassy hosts, predicting their potential laser
properties.

2. Experimental details

The composition (mol%) of the KBS antimony (base) glasses
are xK,O-xB,03—(100 — 2x)Sb,05 glasses, where x =
10, 15,20, 25,30. The batches were prepared from anti-
mony(IIl) oxide, Sb,O3 (GR, 99%, Loba Chemie), potassium
metaborate, KBO, (Johnson Matthey) and europium(IIl) ox-
ide, Eu, O3 (99.9%, Alfa Aesar). In order to mix the small
quantity of Eu, O3z homogeneously to the base glass batch com-
position, all the raw materials were first mixed carefully in
ethanol medium followed by drying. Each batch of 20 g glass
doped with 0.7 wt% concentrations of Eu,O3; in excess was
melted in a high purity silica crucible at 900 °C in air. The
molten glass was cast onto a carbon plate and properly an-
nealed. The glasses thus obtained were cut and polished for
optical measurement.

The density was measured by the Archimedes method
using toluene with an error of £0.7%. The refractive index
and Abbe’s number of the base glass were calculated using the
Priven-2000 method of SciGlass, 6.7. The x-ray diffraction
(XRD) patterns of the bulk samples were recorded in an
X’pert Pro MPD diffractometer (PANalytical) operating at
40 kV and 30 mA using Cu ko radiation from 10° to 80°.
The infrared reflection spectra (IRRS) in the range 500-
1500 cm™! were recorded with a Fourier transform infrared
(FTIR) spectrometer at an incident angle of 15° with the help
of a specular reflectance measurement accessory attached to
the above instrument at the resolution of 2 cm™' and after
256 scans. The UV-vis absorption spectrum was obtained with
a double-beam spectrophotometer (Perkin Elmer, Lambda 20)
at an error of 0.1 nm in band position. Fluorescence spectra
were measured, at an error of £0.2 nm, with a fluorescence
spectrophotometer (Spex, Fluorolog 2) in which a xenon lamp
is attached as an excitation source and a photomultiplier tube
as a detector. All the measurements were carried out at room
temperature. The intensity of luminescence was found to be
reproducible for all samples.

3. Results and discussion

3.1. Physical properties

Nominal chemical composition and some observed properties
of Eu,03-doped KBS antimony glasses are provided in table 1
while some of their calculated properties are provided in
table 2. It must be mentioned here that the Eu®*-doped glasses,
including the devitrified ones, have been obtained as monoliths
and all samples except EU-1 have very good transparencies for
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Table 1. Nominal chemical composition and some observed properties of Eu,Os-doped KBS antimony glasses.

Composition (mol%)  Excess
Sample concentration of ~ Density
identity K,O B,0; Sb,O3 Eu,03 (wt%) (gem™)  Color
EU-1 10 10 80 0.7 4.778 Deep yellow
EU-2 15 15 70 0.7 4.576 Yellow
EU-3 20 20 60 0.7 4.361 Yellow
EU-4 25 25 50 0.7 4.115 Pale yellow
EU-5 30 30 40 0.7 3.877 Pale yellow

Figure 1. Representative photograph of Eu,03-doped KBS antimony glasses showing their monolithicity: (a) EU-2 and (b) EU-5 (for

composition see table 1 and all scales are in cm).

(This figure is in colour only in the electronic version)

optical characterizations. They have a yellow color (figure 1)
which decreases with a decrease in Sb,O3 content. The yellow
color of the glasses is due to the combined effects of host
absorption due to transition between HOMO (Sb 5s + O 2p7)
and LUMO (Sb 5p) [20, 21] as well as the extended tails
of the charge transfer (CT) band of Eu-O in the range 250—
330 nm, i.e. the electron transfer from the valence 2p orbital
of O~ to the 4f orbital of the Eu’* ion [11, 13]. Following
the procedures reported in our earlier papers [21-23], the Eu**
ion concentration (N x 10' jons cm™), interionic distance
(ri, A) and polaron radii (r,, A) were determined and the
results are presented in table 2 for easy comparison and better
understanding of the effects of the changes in the Eu’* content
in the glasses. All the properties listed exhibit the efficiencies
of the glasses under investigation as an optical material.

The Eu®* ion concentration per unit volume increases
with increasing density of the glasses. Consequently the
evaluated data regarding interionic (Eu>*—Eu’*) distance (r;)
and polaron radii (r,) show a decreasing trend with the change
in luminescent ion concentration per unit volume (table 2).
Thus, an increase in density of the glasses increases the ionic
density and reduces the interionic distance and consequences
in narrowing down of the polaron radii [11]. This effect is
evidenced as the translucency of sample EU-1 due to lesser
solubility of high concentration Eu** ions in a small volume.

3.2. IRRS spectrum of antimony glasses

The phonon energy (hAw) of glasses is the resonance vibration
energy of the lattice and can be estimated by the IRRS.
The phonon energy thus corresponds to the highest intensity

Table 2. Some calculated properties of the Eu,Os-doped KBS
antimony glasses.

Topic Corresponding values

Glass no. EU-1 EU-2 EU-3 EU4 EU-5
Average molecular 250.09 229.20 208.27 187.32 166.36
weight, M,,

Eu’™ ion concentration, 11.32 10.84 1033 9.75 9.18
N x 10" (ions cm™3)

Interionic 19.65 2097 2131 21.72 22.16
distance, r; (A)

Polaron radius, r,, (A 792 845 8.59 8.76 8.93
Refractive index, n * 2.001 1.948 1.892 1.835 1.775
Abbe’s number, v * 23.12 23.86 24.80 26.01 27.64

# Of KBS base glasses calculated by glass property information
system, SciGlass 6.7 (method: Priven-2000).

stretching vibration bond, for example the Si—-O-Si bond
(10601150 cm™") in silica and silicate glasses, of the network-
forming components of the glass [24, 25]. Theoretically,
Sb,O3-based glasses are expected to have lower phonon
energies due to lower stretching vibration of the Sb—-O—-Sb bond
(605 cm™') [26]. Phonons can provide nonradiative decay
pathways to suppress radiative upconversion luminescence of
RE ions. Thus, glasses with lower phonon energy are desirable
to reduce the multiphonon relaxation and nonradiative loss and
to obtain high upconversion efficiency. It is reported that low
fiw of the host can be obtained from the phonon side band
(PSB) spectra because the vibration of PSB originates from the
local vibration around the RE ions [17, 27]. Although IRRS
represents the total vibrations of the whole matrix it provides
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Figure 2. Infrared reflection spectra (FT-IRRS) of base glasses of:
(a) EU-1, (b) EU-2, (c) EU-3, (d) EU-4 and (e) EU-5 (for
composition see table 1).

an alternative way to measure the Ziw of the matrix [25]. The
average fiw values of fluoride glasses obtained by PSB spectra
have been found to be very close to those obtained from the
low frequency stretching vibrations of IRRS spectra [28]. In
addition there are adequate literature reports that document
reflection spectra in the infrared (IR) region of 400-1200 cm ™!
which were measured to establish the phonon energies of
the glassy host where the wavenumber at the main peak was
cited as the phonon energy of the glass matrix [21-23, 29].
Similarly, we have denoted the main and highest intensity
Sb—O-Sb stretching band at 602 cm~! for phonon energy of
the KBS antimony glass. It is worth noting that the phonon
energy of lead fluoroborate glasses evaluated from Raman
spectra corroborates well with those obtained from the main
and highest intensity stretching band of infrared spectra as
demonstrated by Pisarski et al [10]

Figure 2 shows the infrared reflection spectrum (IRRS) of
the samples EU1-EUS5 in the region 500-1500 cm~'. Two
major reflection bands centered at 602 and 1207 cm™' are
observed. The highest intensity main reflection band centered
at 602 cm™! arises due to Sb—-O-Sb stretching vibration [26]
while the other one at 1207 cm™' is due to the B-O-B
stretching vibration of the [BOy4] unit [30]. The reflection band
around 1300 cm™! is due to the B-O-B stretching vibration
of the [BOs] unit [9, 10, 30]. From IRRS spectra fiw in the
high Sb,O3 glasses are found to be about 602 cm™!. It is
observed that the intensity of the 602 cm~! band decreases with
decrease of Sb,O3 content and the intensity of the 1207 cm™!
band increases indicating an increase in borate content. As
a consequence, the IRRS curves show an isosbestic point at
777 cm~! manifesting an existence of equilibrium between the
two principal antimony-and boron-containing species.

3.3. X-ray diffraction analysis of the antimony glasses

The x-ray spectrum (figure 3) clearly demarcates the formation
of amorphous and devitrified glasses. The hump between 20 =

400 =
a ] 0 K4Sby07.5.6H,0
350- = @ ~ _ © Senarmontite (Sb,03)
:g 5.5 :Sr §§ § 8 * Valentinite (Sb,05)
S 300{3|c /S 0 ¢ ¢ Sby0g
= @\’; § o S5
L 2501
=z
.é‘- 200+
g
o 150
e
£ 100
: (c)
50 (b)
(a)
10 20 30 40 50 60 70 80

20 (degree)

Figure 3. X-ray diffractograms of Eu**-doped KBS antimony
glasses: (a) EU-1, (b) EU-2, (c) EU-3, (d) EU-4 and (e) EU-5 (for
composition see table 1).

22°-35° signifies amorphicity. The presence of such a hump
and the absence of any peaks in the base glasses EU-1 and
EU-2 (curves (a) and (b)) indicates that they have amorphous
character and are glasses. It appears that the amount of
precipitated Eu, O3 in EU-1 is too small to get detected by
XRD spectra. The gradual development of sharp peaks in
addition to the hump in EU-3, EU-4 and EU-5 (curves (c)—
(e)) indicate their devitrified nature. The increasing intensity
and decreasing broadness of the peaks as one proceeds from
EU-3 to EU-5 indicate intense crystallization with decrease in
Sb,O5 content. Such intense crystallization is probably due to
the large difference in field strengths of Sb3* (F = 0.73), B3+
(F = 1.34) and K" (F = 0.13) ions [20], when the natural
and conditional glass former (B,O3 and Sb,03, respectively)
are present in almost equal amounts.

The XRD spectrum of EU-5 (figure 3, curve (e)) shows
prominent peaks due to the development of nanocrystallites
of valentinite, senarmontite, SboOs and K4Sb,0O7-5.65H,0
(JCPDS card file nos. 11-689, 43-1071, 34-878 and 35-376,
respectively). The corresponding crystallographic planes are
assigned in figure 3. The average crystallite diameter (D) is
calculated using Scherrer’s formula [17]:

D = 0.9%/FWHM cos 26 (peak) )

where X is the wavelength of x-ray radiation (CuKa =
1.5406 A), FWHM is the full width at half-maximum at the
angle of diffraction 26. The average diameter of the crystallites
in EU-3, EU-4 and EU-5 are calculated to be 17, 23 and 33 nm,
respectively.

The XRD results clearly support potassium antimony
oxide hydrate as the dominant phase with small amounts of
crystalline valentinite and senarmontite. The formation of the
nanocrystallites introduces a local crystalline environment and
perturbs the local site symmetry, resulting in well-resolved
Stark splitting in the emission transitions of Eu’* ions when
doped in the devitrified glasses, as observed in the emission
spectra (see section 3.7).



J. Phys.: Condens. Matter 22 (2010) 035603

T Som and B Karmakar

Table 3. UV-vis absorption band position of Eu** in KBS antimony glasses and their associated transitions.

Peak position in

Antimony glasses (this study), 0.1 nm

ZBLANP fluoride ~ Aqueous
Transitions EU-1 EU-2 EU-3 EU-4 EU-5 glass® [32] solution® [31]
"Fo — Le¢ 3939 393.6 3934 393.1 393.0 393 393.7
"F, — °Ds 412.0 411.7 411.3 4109 409.7
Fy — °D, 464.5 4644 4642 463.6 464 464.7
Fy — Dy 525.8 5257 5255 5254 524 525.5
F, — D, 5335 5332 5327 5326 535.0

2 Band positions of Eu®* ion in ZBLANP fluoride glass
[51.5ZrF,~19.5BaF,-5.3LaF;-3.2 AlF;—18NaF-2.5PbF, ] and aqueous solution [100 H,O] are

provided for comparison (composition in mol%).

3.0

TFo g TFy 5505
Fo >

2.5

2.0

1.5

1.0

Absorbance (a.u.)

0.5 400 425 450 475 500 525 550
Wavelength (nm)
0.0 — 7T
400 440 480 520 560 600

Wavelength (nm)

Figure 4. Ultraviolet—visible (UV-vis) absorption spectra of the

0.7 wt% Eu,05-doped KBS antimony glasses: (a) EU-1, (b) EU-2,
(c) EU-3, (d) EU-4 and (e) EU-5 (a.u. stands for absorbance unit; for
composition, see table 1).

3.4. UV-vis absorption spectra

The ultraviolet—visible (UV-vis) absorption spectrum of each
of the 0.7 wt% Eu,03-doped antimony glasses is depicted in
figure 4. A total of five absorption bands originating due to
7F0 — 5L6, 7F1 — 5D3, 7F0 — SDz, 7F0 — 5D1 and
"F; — 3D; are observed. The "Fy — D, absorption band of
Eu’t is hypersensitive (AJ = 2) and its intensity and position
are very much susceptible to the local matrix environment. The
energy of these absorption bands is assigned on the basis of
energy level positions of Eu** ions in aqueous solution [31]
and in other glassy hosts [5S—17]. The band positions, Amax, for
each Eu*t-doped antimony glass in addition to those obtained
in fluoride glass (ZBLANP) [32] and aqueous solution [31] are
provided in table 3 to compare and correlate the band position
with the covalent bonding characteristics of the hosts.

An interesting aspect of the absorption spectra is that, at
low temperatures, only transitions from the ground ’Fj state to
the multiplets of °D states of the Eu** ion are observed. But at
room temperature transitions from the 7F, level of the ground
state multiplet, which is about 250 cm~! above the "F, ground
state, are also observed due to thermal population. However,
in many glasses the transitions to D3 and *Dy levels are often

masked due to strong absorption in the glass [7], although these
transitions are reported to be observed in the LaCl; crystal
host [33].

The "Fy — 7D, transition is also not expected to emerge
since an electronic transition from a lower level with J = 0 to
upper levels with odd J component is forbidden. J-mixing due
to the crystal field in the host renders the intra-configurational
f—f transition partially allowed. Consequently, in some of our
Eu’*-doped antimony glasses this transition is observed but
with a very small intensity. Again, since the level ’F; is close
in energy to the "F level, the transitions "F; — °D, appear,
however, with a small intensity. Excitingly the 'F; — 5D;
transition appears with a comparatively high intensity.

Since EU-1 contain some precipitated amorphous parti-
cles, its absorbance is relatively higher compared to the Eu’*-
doped amorphous glass EU-2 due to its turbidity which is the
source of scattering (figure 4, curve (a)). The gradual increase
in absorbance from EU-2 to EU-5 is due to the development of
incipient nanocrystalline phases which act as scattering cen-
ters. When the particles are much smaller than the wave-
length of visible light (D ~ X/20), Rayleigh scattering takes
place [34]. The scattering loss or turbidity t is given by [34]

= 32x*a}(nAn)> NV /304 )
where a is the particle size, A is the wavelength of light, n is
the refractive index, N is the number density of particles and
V is the volume of the particles.

3.5. Quantitative justification of UV-vis—NIR absorption band
position

Comparison of the absorption band positions of Eu’* ions
in antimony hosts with those of fluoride glass and aqueous
solution (table 3) shows that the band position shifts towards
lower frequency (energy) with the order of host: ZBLANP
fluoride glass < KBS antimony glasses < aqueous solution.
This shift can be understood in terms of the chemical
bonding property of the ligand (here fluorine or oxygen) called
the ‘nephelauxetic effect’ (literally meaning ‘electron cloud
expansion’) that exerts its influences on the position of the
absorption bands. This is a consequence of overlap between
the metal and ligand orbitals forming larger molecular orbitals.
Ligands with greater ability to delocalize metal electrons shall
exhibit higher nephelauxetic effect. Here, it may be noted that
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Table 4. Calculated nephelauxetic parameter (B), M—L bonding parameter (§), electronegativity (A x ), covalent and ionic bonding

characteristics and optical basicity (Ay,) of the glasses.

Corresponding values

Antimony glass hosts (this study)

ZBLANP Aqueous
Topic EU-2 EU-3 EU-4 EU-5 fluoride glass  solution
Nephelauxetic parameter (B) 0.9999 0.9994 0.9988 0.9983 1.0021
M-L bonding parameter (§%) 0.014 0.057 0.120 0.170 —-0.209
Electronegativity, Ay 1.75 1.80 1.85 1.90 2.8 14
Covalent character (%) 46.50 44.49 42.50 40.55 14 61
Tonic character (%) 53.50 55.51 57.50 59.45 86 39
Optical basicity, Ay, 1.035 0.994 0.950  0.901

the nephelauxetic shift is more largely perceptible for those
transitions in which the electric dipole—dipole type interaction
dominates.

The electric dipole transitions between the states of
the 4f" electron configuration of an isolated Ln** ion are
parity forbidden. However, when such an ion is embedded
in a host, it can partially evade this forbiddenness by
the noncentrosymmetric interactions with the surroundings
(ligands) within the host. Such interactions (chemical bonding)
combine states of opposite parity making the transitions
feasible. According to Jgrgensen [35], owing to ‘nephelauxetic
effect’, the phenomenological parameters of interelectron
repulsion are smaller in a host than in the corresponding free
ions. Mathematically, the Hamiltonian operator (Hj) of a free
paramagnetic ion can be expressed as

Hi = He + Hyo + Hy, 3
where H, is the electrostatic interaction of the electron, H,
is the spin—orbit interaction and H.; is the interaction of the
electrons with the crystal field due to the environment. When
an ion is incorporated into a host, due to the nephelauxetic
effect, the parameters He, Hy, and H.s are reduced from their
free-ion values. All these cause a contraction of the energy
level structure of the ion in that particular host compared to that
of free ion. Consequently, this leads to a shift of the absorption
bands towards lower frequency. Quantitatively, this fact can be
expressed by the nephelauxetic ratio, B as [23]:
B = Ug/ Ua, 4)
where v, and v, are the energy of the corresponding transitions
in the glass and aqua ions (or free ion), respectively. The value
of the nephelauxetic parameter, B, determining the bonding
properties is evaluated from the average values of the (n)
observed transitions:

B = (Z vg/va>/n.

The calculated values of B obtained using equation (5) are
listed in table 4. The nephelauxetic effect is explained by
Jgrgensen as an expansion of the partly filled shell (4f*~! of
RE ions) due to the transfer of the ligands to the core of the
central RE ion. Alternatively it is the measure of the covalency

&)

effect. The B value can also be used to determine the metal—
ligand (M-L) bonding parameter, 6 (in per cent) using the
relation [23]

8% = [(1 — B)/B] x 100. ©)

The calculated values of §% are also listed in table 4.
Depending on the ligand the value of § may be negative or
positive indicating ionic or covalent bonding characteristics
respectively. Thus Eu-F bond is predominantly ionic whereas
the Eu—O bond has considerable covalent character in addition
to ionic character (table 4). A reduced value of B also
implies greater covalency in the M-L bond. However, for the
same ligand, greater polarizing power of the metal ion implies
greater covalency in the M-L bond and hence lower value of
B.

The degree of covalent bonding character of a host can be
estimated approximately using the formula [20-23]

Covalent character (%) = exp[—O.ZS(Ax)z] x 100, (7)
where Ay is the electronegativity of the glass, that is, the
electronegativity difference (xo — xc) of the anions and the
cations. The average electronegativity of anions (xa) or
cations (xc) can be evaluated by the following simple additive
relation [20-23]:

Xa or xc = ENixi/ ZNi, (®)
where N; and y; are the number of individual constituent
atoms per mole and its electronegativity, respectively. The
calculated values of electronegativity, covalent and ionic
bonding characteristics of various hosts of the Eu** ion
obtained using equations (7) and (8) are also provided in
table 4. In this calculation Pauling’s electronegativity values
were used.

The Eu?* ion has a smaller ionic radius due to the
lanthanide contraction phenomenon and possesses high charge
density. It polarizes the comparatively larger O~ more-
polarizable anion (electronegativity x, = 3.5) to a much
greater extent than the smaller F~ less-polarizable anion,
obeying Fajan’s rules of polarization. This results in a greater
extent of molecular orbital overlap between the f orbital of the
Eu®* and the p orbital of the O~ ion, resulting in expansion
of the electron cloud and the formation of a bond having
less ionic and more covalent character (Eu—O has positive
8%) than that obtained for an M—F bond. Due to the greater
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Figure 5. Excitation spectrum with emission at A.,, = 617 nm of the
Eu,03-doped KBS antimony glass (EU-2), (cps stands for photon
counts per second; for composition see table 1).

electronegativity (xg = 4.0) and small ionic radius of the
F~ ion, the ionic bond results in between Eu’t and F~ ions
(Eu-F has negative §%). In a similar fashion, the antimony-
based glass matrix consisting predominantly of Sb—O and B—
O bonds has a greater covalent character. Thus a reliable
correlation exists between the nephelauxetic parameter (B) and
M-L bonding parameter (§). This explanation correlated well
with those calculated values of electronegativity, covalent and
ionic characters of various hosts (see table 4) which bear a
significant correlation with the ligand characteristics. Thus,
the sequential shifts in positions of the absorption bands are
analogous to the shift in covalent character of the host as:
ZBLANP fluoride glass < KBS antimony glasses < aqueous
solution.

For the same anion (O%7), the variation in covalent
character can be interpreted in terms of optical basicity (A).
The optical basicity, as proposed by Duffy and Ingram [36], is
used as a parameter to determine the acid—base properties of
the glass in terms of the electron density carried by oxygen. It
represents the average electron donation capacity of the oxide
(IT) species in the oxide glass after the polarization of their
electron charge clouds by constituent cations [11]. The higher
the optical basicity, the higher is the covalent character and
consequently the greater is the shift of the absorption bands.
The theoretical (ideal) optical basicity (Ay) is calculated
according to the expression [36]

Ap = X (Sby03)A(SbyO3) + X (B,03)A(B203)
+ X (K;0)A(K,0) )

where X (Sb,03), X (B,03) and X (K,O) are the equivalent
fractions based on the proportion of oxygen, each oxide con-
tributing to the overall glass stoichiometry and A (Sb,03) =
1.18, A(B»O3) = 0.42 and A(K;,0) = 1.4 are the basicities
assigned to individual oxides [37]. The calculated theoretical
optical basicity is shown in table 4. Since Sb,0O3 has the high-
est optical basicity or electron donation capacity due to its large
size and high polarizability, therefore an increase in equivalent
fractions of Sb,Oj5 increases the covalent character.
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Figure 6. Emission spectra of Eu,03-doped KBS antimony glasses
upon excitation at A, = 393 nm radiation: (a) EU-1, (b) EU-2,

(c) EU-3, (d) EU-4 and (e) EU-5 (cps stands for photon counts per

second; for composition see table 1). The bases of curves b—e have
been raised for better visibility.

3.6. Excitation spectra

The excitation spectra (figure 5) reveal five excitation bands
at "Fy — °D; (532 nm), 'Fy — °D, (462 nm), 'F; — °Dj
(413 nm), "Fy — °Lg (393 nm) and "Fy — L (381 nm) upon
excitation at the prominent red emission 617 nm. Among these
five excitation wavelengths used in measuring the emission
spectra (figure 6), the 393 nm pump wavelength is observed
to yield the most intense emission spectral profile. Thus,
we consider this to be the best pump wavelength to generate
intense red emission from the Eu**-doped KBS glasses.

3.7. Fluorescence spectra

The fluorescence spectra of Eu’*-doped antimony glasses are
shown in figure 6. The emission spectra consist of a series of
six emissions bands situated at about 536 (green), 582 (yellow),
595 (orange), 617 (red), 656 (deep-red) and 705 (deep-red) nm.
These bands originate due to °D; — ’Fj, "Dy — F,
Dy — 'Fi, °Dy — "F», Dy — 'F; and Dy — 'Fy4
electronic transitions, respectively. The "Dy — ’F; emission
transition of Eu** ions also exhibits small Stark splittings
(595 and 600 nm), depending upon the ligand fields being
experienced by them. The Dy — ’F, transition also shows
two distinct main peaks (617 and 639 nm) due to the Stark
splitting of the ’F, state, manifesting that the Eu®* ions are
located in drastically disordered lower symmetry sites. The
Dy — 7F2,4 emission transitions are identified as electric
dipole (ED) which are forced by the crystal field environment
in the vicinity of the Eu3* ions [11, 17]. In glassy materials,
due to the absence of a center of symmetry and long-range
periodic arrangement of atoms, amalgamation of the 4f orbitals
with an opposite parity orbital takes place. This gives rise to the
ED transitions [11]. Amongst these, the 5Dy — ’F, emission
in Eu** is ED-allowed hypersensitive (AJ = 2) transition and
its intensity is very sensitive to the local environment [11].
For all three samples, the emission spectra are dominated by
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Table 5. Relative variation in integrated intensity of downconversion
fluorescence bands Issq, Isos and Ig 7¢630 due to °Dy — 'F, (green),
"Dy — F; (orange) and °Dy — ’F, (red) transitions in
Eu,03-doped KBS antimony glasses.

Topic Corresponding values

EU-1 EU-2 EU-3 EU-4 EU-5

Glass no.

Downconversion (Aex = 393 nm)
Ratio of Is3¢ peak 1 11.6 7.0 2.1
Ratio of Isgs peak 1 40 49 60 60
Ratio of 1617&639 peak 1 4.7 79 10.5 134
R=1I(CDy — "F2)/ICDy — "F}) 25 29 40 43 55

the hypersensitive electric dipole transition °Dy — ’F, (red
emission) over the others. On the other hand, the ' Dy — "F,
transition (AJ = 1) [11, 17], being a magnetic dipole (MD)
allowed, are forbidden under selection rules, has intensity
independent of the host environment and thus can be used as a
reference. The ratio R = I(°Dy — "F,)/I(°Dy — "F)) of the
two integrated fluorescence intensities is commonly used as a
measure of the asymmetry around the rare earth sites [9, 10].
The higher the value of R, the greater the deviation from
inversion symmetry [10, 38]. Thus, when the Eu’t ions are
situated at low symmetry sites, the ED transition has larger
probability than the MD transition [39]. Thus, luminescence
spectroscopy can be used as a probe to monitor the changes
in the Eu**" environment. The larger transition probability
of the 5Dy — ’F, hypersensitive transition may correspond
to an increase of covalent bonding and bonding strength of
the Eu’* with the ligand besides the changes in geometrical
arrangement [40]. Despite the increase in covalency and
optical basicity, the ratio R is found to be lower for the
glasses having a higher proportion of Sb,Os, indicating a
higher symmetry of sites. Similar behavior has also been
demonstrated for CNBZn glasses [40]. Thus, the influence
of glass composition on the emission spectra of Eu’* can be
expressed by the ratio of the Dy — ’F, (red) and Dy — "F;
(orange) emission intensities. This ratio is associated with the
Judd-Ofelt parameter €2,. This parameter is related in turn to
the covalency and/or structural changes in the vicinity of Eu®*
ions.

The ratio, R = ICDy — "F»)/ICDy — ’F)), varies
from 0.90 to 7.04 in different glass compositions [8]. This
value in antimony glasses varies in the range 2.5-5.5 (see
table 5). The quality of the host material for lasing action
is often expressed through the intensity. The ratio provides
valuable information about the red color enrichment compared
to the orange emission in developing strongly red luminescent
optical systems. This indicates the potential of Eu** doped in
antimony glasses as a red laser and phosphor material.

The luminescence spectrum of Eu’T obtained in low
phonon glasses is quite dissimilar from those obtained for high
phonon hosts [7, 8, 27, 41, 42]. Fluorescence from the higher
3D levels (e.g. °D; and °D;,) of Eu** are generally obtained in
low phonon hosts, have been detected for Eu** by Weber [40]
in LaFs, by Reisfeld and Lieblich [42] in germanate glasses,
and by Todoroki et al [27] in fluorophosphate glasses. In our
case the fluorescence from the >D; level is also observed.
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Figure 7. Partial energy level diagram of Eu**-doped KBS antimony
glass (R and NR signify radiative and nonradiative processes,
respectively).

The energy level diagram of Eu®* in KBS glass is shown
in figure 7. The energy of the L level of Eu®" is relatively
close to the energy for the 393 nm violet radiation and the small
mismatch in energy is compensated by the phonon energy
of the lattice. Under 393 nm excitation, the Eu?* ions are
excited to the L level by ground state absorption (GSA) from
which multiphonon relaxation takes place mainly resulting in
the population of the Dy and °D; levels due to the low phonon
energy of the glass. Multiphonon relaxation from the Dy level
to the next lower level "Fg does not take place because of
the large energy difference (~12290 cm™!) between the two
levels. According to the Miyakawa—Dexter equation, the rate
of multiphonon relaxation processes (W,) may be expressed
as [43]

W, = W,(0) exp(—a AE /hw) (10)
o =In{p/gn(t) + 1]} — 1 (11
p~ AE/ho (12)

where g is the electron—phonon coupling constant, AE is
the energy gap between two energy levels (~12320 cm™}),
fiw is the phonon energy of the glass host and p is the
phonon numbers needed for multiphonon relaxation. From the
infrared reflection study we have established that the phonon
energy of this KBS glass is about 602 cm~!. This phonon
energy is noticeably lower than those of silicate glasses (1060—
1150 cm™"), germanate (800-975 cm™') and tellurite (600—
850 cm™!) glasses and is comparable to that of fluoride (500
600 cm ') glass. Hence a minimum of 20 photons (calculated
p = 20) are required for bridging the >Dy — "Fg multiphonon
relaxation process. The W,, decreases strongly with increasing
p according to equation (10). Thus, the population of the
metastable °D; and 3Dy levels is greatly increased, leading
to high rates of radiative green and red transitions in contrast
to those in high phonon energy glasses. Similarly, in
this antimony glass host, the population of the metastable
D, level is also increased because multiphonon relaxation
processes from D to the next lower *Dy level require three
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Figure 8. Plot of fluorescence intensity versus concentration of
Sb,O3 (cps stands for photon counts per second).

bridging phonons. The high phonon orders (phonons >3)
are due to the low phonon energy of the glass host which
decreases the possibility of nonradiative multiphonon bridging
and consequently manifests the emission °D; — ’F; (green)
processes (figure 7).

We found that, for the Eu**-doped glass EU-1, emission
performance was drastically reduced. This is attributed to
possible cross-relaxation (CR) processes occurring between
two neighboring Eu®" ions as °Dy, 'F,) — ("Dy, "F4) due
to the smaller interionic distances. This is depicted in figure 7.
The intensity variation of the 536 (green), 595 (orange) and
617 (red) nm emission bands with Sb,O3 content in the glasses
is shown in figure 8.

3.8. Judd—Ofelt theory and calculation of spectroscopic
parameters

The Judd-Ofelt (J-O) theory is the most popular method
used for spectroscopic investigation of RE ions in various
environments [44, 45]. Using the J-O theory, three
phenomenological spectroscopic parameters 2,, 24 and 26
are experimentally evaluated from the absorption spectra and
refractive index of the host material. These parameters can
be used to predict the structure around the RE ion sites in
a disordered environment and efficiency of the luminescent
material. The Eu’* ion faces serious limitations in estimation
of the spectroscopic parameters. This is because most
transitions are of very weak intensity. Only three well-defined
transitions 'Fy — °D,, ’F; — D5 and "Fy — °Lg have been
used individually to determine the Judd—Ofelt intensity €2,, 24,
6 parameters.

According to the Judd-Ofelt (JO) theory [44, 45] the
experimentally measured ED and MD line strength of an
electronic transition from an initial (S, L)J state to the final
(8, L")J' state is given by

Smed(J — J') = [9n/(n* + 2)*]

X [{3ch(2] + 1)2.303/87 %% pAmaxd)

X / OD)dx — nSmed:| (13)
=T

where ST (J — J') and Syeq is the measured ED and MD
line strength, Apn.x is the mean wavelength of the absorption
band, n is the refractive index of the host, d is the thickness of
the sample under study, p is the concentration of Eu** ions
(ions cm™) in the host and [,  , OD(X)dA represents the
experimental integrated optical density in the wavelength range
of the band and can be obtained by calculating the total area
under the band. To calculate the integrated absorption of the
bands, a base-glass-corrected absorption spectrum was used
after necessary correction for the overall rise in the baseline.
Since the three transitions 'Fy — °D,, 'F; — °D; and
"Fy — 3Lg are induced by ED, so the MD term is neglected.

The theoretical electric dipole line strength of an
electronic transition from an initial (S, L)J state to the final
(87, L") J' state is given by [3]

B0 = 3" Qe (S, LIS LYY (14)
where ((S, L)J||U"||(S’, L")J')] is the reduced matrix element
of the irreducible tensor operator of rank ¢ calculated in the
intermediate coupling approximation for the transitions, almost
invariant with respect to crystal field strength and depends only
on the concerned RE3* ion. The values of the square of the
reduced matrix elements for various transitions of Eu** ions
are obtained from the literature [31].

Using the above two equations and considering the "Fy —
SD,, ’F; — °Ds and "Fy — °L transitions, the three Judd—
Ofelt parameters 2, (t = 2,4 and 6) of the Eu’t ion in the
glasses were calculated and presented in table 6 to compare
with other glasses. These three intensity parameters originate
from a static crystal field and bear a physical significance
relevant to the fundamental properties of the host matrix. The
parameter 2, implicates the asymmetry around the rare earth
ion and is sensitive to the asymmetry of the ligand field.
So €2, can be used to draw inferences regarding variation
between Eu®* ion sites in various hosts. The parameter £2,
is also critically influenced by the covalency between rare
earth ions and ligand anions, i.e. Eu—O bond [46]. Generally
the parameter €2, increases with the asymmetry of the local
structure [1, 17] and with the decrease of covalency of the
lanthanide-ligand bonds [17, 46]. However, it is seen that
the value of €2, remains almost constant with the change
in glass composition. This indicates a delicate balance
between the asymmetry effect and covalent character. The
covalent character decreases with the decrease in Sb,O;
content. However, for the devitrified glasses containing a lower
concentration of Sb,O3 there is a higher degree of asymmetry
around the rare earth ion. This is in agreement with the XRD
and luminescence spectra. As the Sb,O; content decreases,
devitrification of the glasses occurs. As a result the Eu’*
ions find themselves in a high like-crystalline environment.
Consequently the luminescence spectra show well-resolved
Stark components. High values of @, (2, > 2) suggest
a highly asymmetric coordination environment [47] and this
implies to our case. It has also been documented that €2,
is closely connected with the hypersensitive transitions [24].
The greater the hypersensitive transition, the larger is the
value of §,. For the Eu®t ion, the transition 'Fy, — °D,
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Table 6. Comparison of Judd-Ofelt parameters (2 (=246 x 1072° cm?) of Eu*"-doped KBS antimony oxide glasses with other different

glasses.
Host (glass) matrix Q, Q4 Qe Q4/Q  Reference
ZBLAN:Eu** 005 134 161 083 [15]
60NaPO;-15BaF,~-10YF;—15EuF; 324 511 289 1.77 [16]
10K,0-30MgO-60Si0,:Eu** 9.65 6.68 1.15 581 [14]
79Te0,—20Li,CO3—1Eu,0; 11.06 458 096 4.77 [8]
75NaP0O;—-24ZnF,—1EuF; 6.8 6.2 4.2 1.48 [6]
EU-2 6.9 6.1 9.4 0.65 Present study
EU-3 7.0 4.6 8.6 0.53 Present study
EU-4 7.0 3.1 7.5 0.41 Present study
EU-5 7.1 2.1 7.2 0.29 Present study

is hypersensitive with a relatively higher value of ||U?||?
0.0008. Again, since only the ||U 2|)? term affects the line
strength of the Dy — ’F, transition, the intensity ratio
R = 1Dy — "F») /1Dy — ’F)) is the measure of 2, [24].
Higher values for €2, and hence high radiative rates are found
in highly covalent (highly polarizable) glasses. Potassium
boron antimony oxide (KBS) glasses having covalent bonding
character therefore show strongly increased intensity of this
transition.

The physical implication of €4 and ¢ is relatively
indistinct. It has been suggested that the magnitudes of €24 and
26 are not only influenced by the rigidity and packing fraction
of the glass network surrounding the rare earth ion [48] but also
related to the bulk properties of the samples and influenced by
the vibronic transitions of the RE ion-ligand bond [48]. In
fact, they are also sensitive to the structural changes [24]. It is
also suggested that the 2¢ parameter is inversely proportional
to the degree of covalency of the Eu—O bond [1] and/or with
the increase of the fraction of nonbridging oxygen ions [3] and
should decrease with the electronic density of the O>~ ion, that
is, optical basicity [24]. In the present case both 24 and 26
are found to increase in glasses having a higher proportion
of Sb,O03. It can therefore be concluded that the structural
changes in the glasses due to devitrification significantly take
precedence over the covalency effect.

Table 6 reveals that Q¢ has a higher value compared to the
other two parameters in all the glasses. The ratio (£24/26)
is known as the spectroscopic quality factor to characterize
the quality of the luminescent material concerned [1, 49].
Determination of the spectroscopic quality factor in the glasses
helps to maximize certain desirable radiative transitions in a
laser by changing the branching ratio with variation of the
Q4/ Q2 ratio. Based on the magnitudes of the spectroscopic
quality factor (£24/ €26), it is found that Eu-doped KBS glasses
are potentially good quality laser materials. The variation of
the 24/ 26 ratio on passing from one glass to another indicates
the change in the average coordination around the Eu** ion due
to change in the nanocrystalline environment and thereby the
average crystal field experienced by the ions.

4. Conclusions

We obtain a deeper understanding of a new low phonon
antimony-based oxide glass system K,O0-B,03;-Sb,03 (KBS)
doped with Eu,03. Infrared reflection spectroscopy has proved
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that these disordered matrices have a low phonon energy of
about 600 cm~!. X-ray diffraction analysis has established
the devitrification of some glasses. UV-vis absorption band
positions have been measured and justified with quantitative
calculation of the nephelauxetic parameter, covalency and
optical basicity of the host. Upon excitation at 393 nm
radiation, these Eu,;0Oj3-doped glasses exhibit six emission
bands at 536 (green), 582 (yellow), 595 (orange), 617 (red),
656 (deep-red) and 705 (deep-red) nm due to D; — ’Fj,
5D() — 7F0, 5D() — 7F], SDO — 7F2, 5D() — 7F3 and
Dy — F, electronic transitions. The 536 nm band essentially
arises due to the low phonon energy of the host. Both the
electric °Dy — ’F,) and magnetic °Dy — ’F)) dipoles
show prominent Stark splitting into two components. These
have been explained by the crystal field effect and low phonon
energy of the host. The Judd-Ofelt parameters were also
evaluated and their variation has been explained by the covalent
character, optical basicity and noncentrosymmetry of the Eu®*
ion sites. These Eu**-doped glasses appear to be promising for
red laser source application.
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