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a b s t r a c t

The glasses of the composition (45−x)ZnF2–xWO3–49TeO2:1.0Nd2O3/Sm2O3/Eu2O3 with x varying
from 5 to 20 mol% were synthesized. Optical absorption, fluorescence spectra (in the spectral range
400–2300 nm) and also fluorescence decay were studied at ambient temperature. The Judd–Ofelt the-
ory analysis was applied to characterize the absorption and luminescence spectra of Ln3+ ions in these
glasses. Following the luminescence spectra, various radiative properties like transition probability A,
branching ratio ˇ and the radiative life time � for 4F3/2 → 4I11/2, 4G5/2 → 6H7/2, 5D0 → 7F2 emission levels
respectively for Nd3+, Sm3+ and Eu3+ doped glasses of these glasses have been evaluated. The variations
observed in these parameters were discussed following of varying co-ordinations (tetrahedral and octa-
are earth ions
pectroscopic properties

hedral positions) and the valence states of tungsten ions in the glass network. A significant enhancement
in the intensities of 4F3/2 → 4I11/2 (Nd3+), 4G5/2 → 6H7/2 (Sm3+) and 5D0 → 7F2 (Eu3+) emission lines has
been observed with increase of WO3 content; this is attributed to the increase in the concentration W5+

ions in the glass network that acts as modifiers. The quantitative analysis of these results (with the aid of
the data on ESR, IR and Raman spectral studies) has indicated that the glasses mixed with around 15 mol%
of WO3 have the optimum concentration for yielding the highest quantum efficiency with low phonon

tione
losses for the above-men

. Introduction

Tellurium oxide based glasses are well known due to their
igh density, high transparency in the mid infrared region
∼5.0–11.0 �m), high linear and non-linear refractive index, good
tability against moisture [1–5]. In view of such qualities, these
lasses find potential applications as IR domes, optical fibers, mod-
lators, non-linear optical devices and infrared laser windows.
hese are also considered as good glasses for hosting rare earth
ons since they provide a low phonon energy (∼750 nm, lower than
eramanate, phosphate and silicate glasses) environment that min-
mizes non-radiative losses [6–8]. The presence of tungsten ions
n these glasses, further, makes them suitable for optoelectronic
evices since they exhibit photochromism and electrochromism
roperties. Tungsten ions are expected to have profound influ-
nce on luminescence characteristics of rare earth ions in tellurite

lasses, for the simple reason that these ions exist in different
alence states viz., W6+, W5+ and also in W4+ as per the following
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thermo reversible disproportionate reaction:

W5+ + W6+ ↔ W4+ + W6+

regardless of the oxidation state of the tungsten ion in the starting
glass batch [10–13,9].

Among these, W6+ ions participate in the glass network with
different structural units like WO4 (Td) and WO6 (Oh). The WO4
units form the linkages of the type Te–O–W with TeO4 and TeO3
structural units in the glass network since the electronegativities
(2.1 for Te ion and 2.0 for W6+ ion) are very close to each other. On
the other hand W5+ (5d1) ions forming the complexes of W5+O3

−,
act as modifiers and induce structural disorder in the tellurite net-
work by transforming TeO4 to TeO3+1 structural units in the glass
network. Hence, the varying concentration of WO3 in the glass net-
work results varying environment of luminescent ions present in
the tellurite glass network. As a consequence, interesting changes
in the luminescent characteristics of lasing ions is expected.

The addition of ZnF2 to tellurite glass matrix is anticipated to

contribute to the chemical inertness of the glasses since there is a
possibility for the formation of covalent bonding between tellurite
and zinc ions through non-bridging oxygens (Te–O–Zn) [14,15].

The study on absorption and emission characteristics of Nd3+

(4f3) ion has been subject of extensive investigation in a number of

dx.doi.org/10.1016/j.jallcom.2010.08.137
http://www.sciencedirect.com/science/journal/09258388
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rystalline and glass materials because of its prospective applica-
ions in NIR laser technology [16–20]. The transition 4I9/2 → 2P1/2
around 430 nm) in the absorption spectra is a characteristic of
oordination of this ion. Generally this band is desirable in the con-
truction of compact and efficient laser source pumped by diode
aser. The impact of changing environment in the glass network
ue to the variation in the concentration of the tungsten ions is
xpected to very high on this transition.

Samarium containing glasses are known to have an unusual
lastic behaviour due to valance instability [21]. This ion exists in
rivalent and divalent states but between these two states, Sm3+

4f5) is found to be more stable. Samarium exhibits promising char-
cteristics for spectral hole burning studies [22,23]. The decay of
xited states in Sm3+ involves different mechanisms depending on
he matrix. Earlier studies on optical absorption, fluorescence and
ifetime measurements of Sm3+ ions in oxyfluoroborate and oxide
lasses have indicated the quenching of the fluorescence of 4G5/2
evel [24,25]; this is attributed to quadrupole–quadrupole inter-
ction among the samarium ions. Similarly, a number of earlier
tudies on spectroscopic properties of Sm3+ ions in different glass
atrices have revealed that the fluorescence yield of this rare earth

on is strongly dependent on its environment inside the glass net-
ork [26–31].

Europium ion, another interesting rare earth ion, has got vari-
ble valency states, Eu3+ and Eu2+. Eu3+ (4f6 ion) is quite stable even
t high temperatures in crystalline and glassy host matrices. The
ransitions, 7F0 → 5D2 in the absorption spectrum and 5D0 → 7F2
n the emission spectrum of Eu3+ are reported to be hypersensi-
ive; the integrated emission intensity ratio of 5D0 → 7F2 (red) and
D0 → 7F1 (orange) transitions (R/O ratio) is strongly influenced
y site asymmetry and covalency of the bonds with the ligand
nion [32,33]. The effect of surrounding ions on the luminescence
f europium in glass has been reported in several works [34–36]
hich clearly indicated that the relative intensities of the Eu3+

mission peaks depend strongly on the variations in the glass net-
ork at the vicinity of this ion. Eu3+ ion has the additional feature of

nterest; phonon side band studies can give information about the
lectron–phonon coupling strength with the host lattice and also
hrow light whether, non-radiative or radiative decay is favoured.

The thorough literature survey on TeO2 glasses as laser host
aterials, indicates that though some considerable number of stud-

es on WO3–TeO2 glasses are available [37,38], still there is a lot of
cope to investigate the influence of the tungsten ions on the emis-
ion characteristics of rare earth ions. The objective of the present
nvestigation is to study the fluorescence features of three differ-
nt rare earth ions viz., Nd3+, Eu3+ and Sm3+ ions in the visible and
nfrared regions in ZnF2–WO3–TeO2 glass system with the gradual
ncrease of WO3 content in the glass network at the expense of ZnF2.
he results of ESR, IR and Raman spectral studies have also been
sed to have a comprehensive pre-knowledge over the structural
hanges in the glass network due to the variations in the concen-
rations of WO3 at the vicinity of rare earth ions which influence
he luminescence efficiency.

. Experimental

Within the glass forming region (Fig. 1) of ZnF2–WO3–TeO2 glass system, a par-
icular composition (50−x)ZnF2–xWO3–49TeO2:1Ln2O3 (with x ranging from 5 to
0) is chosen for the present study. The details of the composition are:

nW5: 45ZnF2–5WO3–49TeO2: 1Ln2O3

nW10: 40ZnF2–10WO3–49TeO2: 1Ln2O3
nW15: 35ZnF2–15WO3–49TeO2: 1Ln2O3

nW20: 30ZnF2–20WO3–49TeO2: 1Ln2O3

here Ln = Nd, Sm and Eu.
Fig. 1. Approximate glass forming region of ZnF2–WO3–TeO2 glass system.

Appropriate amounts (all in mol%) of reagent grades of ZnF2, WO3, TeO2, Nd2O3,
Sm2O3 and Eu2O3 (METALL, China, 4N pure) powders were thoroughly mixed in
an agate mortar and melted in a thick-walled platinum crucible in the tempera-
ture range 650–700 ◦C in an automatic temperature controlled furnace for about
1 h until a bubble free transparent liquid was formed. The resultant melt was then
poured in a brass mould and subsequently annealed from 250 ◦C with a cooling rate
of 1 ◦C/min. The samples used for optical absorption, luminescence spectra stud-
ies were prepared by suitable grinding and optical polishing to the dimensions of
1 cm × 1 cm × 0.2 cm.

The amorphous state of the glasses was checked by X-ray diffraction using
Xpert PRO’panalytical X-ray diffractometer with CuK� radiation. Scanning electron
microscopy studies were also carried out on these samples to observe the crys-
tallinity if any using HITACHI S-3400N Scanning Electron Microscope. The energy
dispersive spectroscopy measurements were conducted on a Thermoinstruments
Model Noran system 6 attached to scanning electron microscope. Thermal analysis
of these samples was carried out (by TA instruments Model Q20 V24.2 Build 107)
with the heating rate of 10 ◦C/min in the temperature range 30–800 ◦C. The density
of the glasses was determined to an accuracy of (±0.0001) by the standard prin-
ciple of Archimedes’ using o-xylene (4N pure) as the buoyant liquid. The mass of
the samples was measured to an accuracy of 0.1 mg using Ohaus digital balance
Model AR2140 for evaluating the density. The refractive index nd of the glasses was
measured (at � = 589.3 nm) using Abbe refractometer with monobromo naphtha-
lene as the contact layer between the glass and the refractometer prism. Infrared
transmission spectra were recorded on a JASCO-FT/IR-5300 spectrophotometer to
a resolution of 0.1 cm−1 in the spectral range 400–2000 cm−1 using potassium bro-
mide pellets (300 mg) containing pulverized sample (1.5 mg). These pellets were
pressed in a vacuum die at ∼680 MPa. The Raman spectra were recorded on an NIR
excitation line (1064 nm) using a Bio-Rad spectrometer FTS 175C equipped with an
FT Raman supplementary accessory working in a back-scattering geometry system.

The optical absorption spectra of the glasses were recorded at room temperature
in the spectral wavelength range covering 400–2300 nm to a spectral resolution of
0.1 nm using JASCO Model V-670 UV–vis–NIR spectrophotometer. The luminescent
spectra of the samples were recorded at room temperature on a Photon Technol-
ogy International (PTI) Spectrofluorometer. This instrument contains autocalibrated
quadrascopic monochrometer for wavelength selection and quadracentric sample
compartment. The light source is high intensity continuous xenon lamp with high
sensitivity TE-cooled InGaAs detector with lock-in amplifier and chopper for noise
suppression and an additional emission mono with a 600 groove grating blazed
at 1.2 �m. The system provides unmatched NIR luminescence recording capabil-
ity from 500 to 2.2 �m. The other details of luminescence recording were reported
in our earlier papers [39,40]. The fluorescence decay curves were recorded using
Jobinyvon spectrofluorolog-3 with pulsed xenon lamp of 450 W. The electron spin
resonance (ESR) spectra of the coarsely powdered samples were recorded at room
temperature on JEOL JES-TES100 X-band EPR spectrometer; the magnetic field was
kept at 5 mT/min and modulated at 100 kHz.
3. Results

From the measured values of density d and calculated average
molecular weight M, various physical parameters such as rare earth
ion concentration Ni and mean Ln ion separation ri of these glasses
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Table 1
Physical parameters of ZnF2–WO3–TeO2:Ln2O3 glasses.

Physical Parameter Nd3+ doped glasses Sm3+ doped glasses Eu3+ doped glasses

NdW5 NdW10 NdW15 NdW20 SmW5 SmW10 SmW15 SmW20 EuW5 EuW10 EuW15 EuW20

Density d (g/cm3) 5.505 5.616 5.726 5.837 5.525 5.636 5.746 5.857 5.618 5.729 5.839 5.950
Molar volume Vm (cm3/mol) 25.37 26.02 26.63 27.23 25.30 25.95 26.57 27.16 24.89 25.53 26.14 26.74

1.50
1.19
9.44
3.78

a
i

W
i
T
I
L
s
i

Z
o
s
d

Refractive index (nd) 1.501 1.502 1.502 1.503
Ln3+ ion conc. Ni (1019 ions/cm3) 1.19 2.31 3.39 4.42
Inter-ionic distance ri (nm) 9.44 7.56 6.66 6.09
Polaron radius rp (nm) 3.81 3.05 2.68 2.45

re evaluated using the conventional formulae and are presented
n Table 1.

SEM pictures and X-ray diffraction pattern of the ZnF2–
O3–TeO2:Ln2O3 glass samples showed no signs of crystallinity,

ndicating the prepared samples were of amorphous in nature.
he chemical makeup of the glasses is evaluated using EDS.
n Fig. 2, EDS of one of the glass samples in each series viz.,
nW10:40ZnF2–10WO3–49TeO2:1Ln2O3 are presented; the analy-
is indicates the presence of Te, Zn, O, F, W, Nd, Sm and Eu elements
n the glass samples.
In Fig. 3, differential scanning calorimetric (DSC) scans of
nF2–WO3–TeO2 glass doped with Nd2O3 are presented. The trace
f the glass NdW5 exhibited an endothermic effect due to glass tran-
ition at about 300 ◦C followed by a well-defined exothermic effect
ue to crystallization temperature (TC). The trace also exhibited

Fig. 2. Energy dispersive spectra of ZnF2–WO3–TeO
4 1.505 1.506 1.507 1.512 1.514 1.515 1.515
2.32 3.40 4.43 1.21 2.36 3.46 4.50
7.55 6.65 6.09 9.38 7.51 6.61 6.06
3.03 2.67 2.44 3.80 3.04 2.68 2.45

another endothermic effect due to melting at 620 ◦C. The varia-
tion of glass transition temperature (Tg), and glass forming ability
parameter Kgl = (TC − Tg)/(Tm − TC) with the concentration of WO3
for the three rare earth doped glasses are shown as inset of Fig. 3.
The variation shows a downward kink at 15 mol% of WO3.

Fig. 4 shows infrared transmission spectra of ZnF2–WO3–TeO2:
Sm2O3 glasses. The spectra exhibited different absorption bands
due to various structural units of TeO2 and WO3. IR spectrum of
crystalline TeO2 (inset of Fig. 4) exhibited two absorption bands at
772 cm−1 [�1(A1)] and at 650 cm-1 [�2(A2)] due to �s-TeO2eq and

�s-TeO2ax vibrations with C2v symmetry, respectively [41]. In the
spectrum of glass SmW5 (Fig. 4), the vibrational frequency of �s-
TeO2ax (axial band) is located at 645 cm−1 whereas the �s-TeO2eq
is observed to be missing. Additionally, the spectrum of this glass
exhibited the bands due to �1 and �4 vibrations of WO4 groups

2:Ln2O3 glasses mixed with 10 mol% of WO3.
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ig. 3. Differential scanning calorimetric (DSC) scans of ZnF2–TeO2:Nd2O3 glass m
ith the concentration of WO3 for the three rare earth doped glasses.

t 936 and 421 cm−1 respectively and also a feeble band at about
66 cm−1 due to �1 vibrations of WO6 groups [42]. As the concen-
ration of WO3 is increased, the band due to WO6 group is observed
o grow at the expense of band due to WO4 groups. The symmetri-
al equatorial band of TeO2 is also observed to decay gradually with
he increase in the concentration of the WO3 at least up to 15 mol%.

similar behaviour is exhibited by the spectra of other two series
f glasses.

In Fig. 5, the Raman spectra of ZnF2–WO3–TeO2 glasses doped
ith Eu3+ ions are presented. The spectrum of glass EuW5 exhib-

ted a band at about 480 cm−1 assigned to the stretching vibrations
f Te–O–Te linkages between TeO4 trigonal bipyramids (tbp) and
nother intense band at 685 cm-1 assigned to Te–O stretching
ibration of TeO4 tbp units. Yet, another significant band at about
50 cm−1 due to [TeO3+1]4−, [TeO3]2− units [43–46] is also located

n the spectra. The spectrum also exhibited bands at 376 cm−1
ue to the bending vibrations of W–O–W linkages of WO6 units
47]. The band due to W–O− stretchings in the WO4 units is also
bserved at about 950 cm−1. As the content of WO3 is increased
p to 15 mol%, the intensity of the bands due to WO6, [TeO3+1]4−,
TeO3]2− units is observed to increase gradually where as that of
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Fig. 4. IR spectra of ZnF2–WO3–TeO2:Sm2O3 glasses
C

ith 10 mol% of WO3. Inset represents variation of glass forming ability parameter

bands due to TeO4 and WO4 structural units is observed to decrease.
The spectra of the other two series of the glasses exhibited similar
behaviour.

Fig. 6 shows typical ESR spectra (recorded at room temperature)
of ZnF2–TeO2:Nd2O3 glasses mixed with different concentrations
of WO3; the spectra exhibited an asymmetric signal (signal 1) iden-
tified due toW5+ ions [48] at g⊥ ∼ 1.71 and g|| ∼ 1.62 and another
signal (signal 2) at higher magnetic fields which is typical for oxygen
(paramagnetic O− ions) defects [49]. The intensity and half-width
of these signals are observed to be maximal in the spectrum of the
glass NdW15. The ESR spectra were observed to be similar for other
two series of glasses.

Optical absorption spectra of the three rare earth ion doped glass
samples have exhibited the bands due to the following transitions
(Fig. 7(a)–(c)).

3+ 4 2 2 2 2 4 4 2
+ 4G7/2, 4G5/2 + 2G7/2, 2H11/2, 4F9/2, 4F7/2

+ 4S3/2, 4F5/2 and 4F3/2
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5001000

lline TeO2

νs-TeO2ax νs-TeO2eq

Wavenumber (cm-1)

ν4 -WO4

SmW5

νs-TeO2ax SmW10

SmW15

SmW20

r (cm-1)

mixed with different concentrations of WO3.



282 Y. Gandhi et al. / Journal of Alloys and Compounds 508 (2010) 278–291

300 400 500 600 700 800 900 1000 1100

Te–O–Te 
linkages Te–O

stretching 

TeO3+1

Bending 
vibrations 
of WO6

W-O- and W=O 
bonds of WO4

tetrahedra
R

am
an

 In
te

ns
ity

 (a
.u

.)

ber (c

EuW5

EuW10

EuW15

EuW20

3 glass

E

W
a
h
1
o
f

t
e
T
b

Wavenum

Fig. 5. Raman spectra of ZnF2–WO3–TeO2:Eu2O

Sm3+: 6H5/2 → 4I13/2, 4I11/2, 6F11/2, 6F9/2, 6F7/2, 6F5/2,

× 6F3/2, 6H15/2 and 6F1/2,

u3+: 7F0 → 5D2, 7F6, 7F5 and 7F1 → 5D1

ith the increase in the concentration of WO3, considerable vari-
tions in the spectral peak positions and the intensity of the bands
ave been observed. Additionally, a weak broad band at about
030 nm presumably due to the transitions of W5+ ions is also
bserved in the spectra of these glasses with maximum intensity
or LnW15 glasses (Fig. 7(b)).
The experimental oscillator strengths (OS) of the absorption
ransitions were estimated from the spectra for all the three rare
arth ion doped glasses in terms of the area under absorption peaks.
he OS of the electric dipole transition between two states have
een calculated using the J–O theory, with the conventional equa-
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m-1)

es mixed with different concentrations of WO3.

tion [50,51]:

fcal = 8�mc��

3h(2J + 1)

∑
�=2,4,6

˝�〈f N[�, S, L]J||U�||f N[� ′, S′, L′]J′〉 (1)

with the symbols have their usual meaning.
The procedure of fitting of the calculated OS from Eq. (1) to

those evaluated from the experimental spectra is described in Ref.
[52]. A set of matrix equations (which includes the U2, U4, and U6

matrices, the matrices of the experimental OS and the energies of
the corresponding transitions) have been solved to minimize the
difference between the calculated fcalc and observed fexp OS. The
quality of fitting is determined by the root mean squared deviation
and presented in Table 2a and b for Nd3+ and Sm3+ doped glasses.

The deviation indicates reasonably good fitting between theory and
experiment demonstrating the applicability of J–O theory.

The summary of the J–O parameters �� for the rare earth ion
(Nd3+ and Sm3+) doped ZnF2–WO3–TeO2 glasses is presented in
Table 3a and b.

500450

ld (mT)

NdW5

NdW10

NdW15

NdW20

s mixed with different concentrations of WO3.
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ig. 7. (a) Optical absorption spectra of ZnF2–WO3–TeO2:Nd2O3 glasses. (b) Optica
nF2–WO3–TeO2:Eu2O3 glasses.

However, for Eu3+ doped glasses, Judd–Ofelt intensity parame-
ers have been calculated directly from the emission spectra since
he well resolved absorption bands could not be observed in the
isible region.

The bonding parameter (ı), defined as [53,54]

= 1 − ¯̌

¯̌
× 100, (2)
s computed for all the three series of glasses. In Eq. (2), ˇ =
1Nˇ/N and ˇ (the nephelauxetic ratio) = �c/�a. �c and �a are the

nergies in cm−1 of the corresponding transitions in the complex
nd aquo-ion respectively and N refers to the number of levels used
rption spectra of ZnF2–WO3–TeO2:Sm2O3 glasses. (c) Optical absorption spectra of

to compute ˇ values. The computation shows a slight decrease
of ı value with the increase of WO3 up to 15 mol% (Table 3).The
luminescence spectra of all the three series of glasses recorded
at room temperature in the visible and NIR regions are shown in
Fig. 8(a)–(c). The spectra exhibited the following prominent emis-
sion bands:

Nd3+ (�exc = 878 nm) : 4F3/2 → 4I9/2, 4I11/2, 4I13/2
Sm3+ (�exc = 462 nm) : 4G5/2 → 6H5/2, 6H7/2, 6H9/2

Eu3+ (�exc = 465 nm) : 5D0 → 7F0, 7F1, 7F2, 7F3, 7F4
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Table 2
The absorption band energies and the values of the experimental (fexp × 106), and calculated (fcalc × 106) oscillator strengths and root mean square deviation (r.m.s.) of Ln3+

ion in ZnF2–TeO2 glasses mixed with different concentrations of WO3.

Band NdW5 NdW10 NdW15 NdW20

� (cm−1) fexp fcalc � (cm−1) fexp fcalc � (cm−1) fexp fcalc � (cm−1) fexp fcalc

(a) Nd3+ ion
2K15/2 + 2G9/2 + 2D3/2 + 4G11/2 21,148.8 4.135 4.265 21,079.1 4.203 4.546 21,034.5 4.789 4.842 21,057.1 4.468 4.751
4G9/2 19,652.5 4.336 4.591 19,558.2 4.035 4.947 19,529.3 5.024 4.984 19,533.2 4.598 4.487

2K13/2 + 4G7/2 18,958.1 11.157 14.568 18,918.9 10.362 16.187 18,885.7 16.425 16.985 18,905.7 14.856 17.054
4G5/2 + 2G7/2 17,128 82.045 82.926 17,101.5 84.554 84.110 17,094.6 86.754 86.592 17,099.9 85.492 85.843
2H11/2 15,860.4 0.103 0.210 15,836.6 0.114 0.538 15,796.5 0.213 0.305 15,820.3 0.208 0.254
4F9/2 14,661.6 3.059 2.843 14,607.8 3.438 2.341 14,537.0 3.925 2.982 14,577.3 3.834 3.715
4F7/2 + 4S3/2 13,426.4 22.583 22.847 13,385.9 23.996 26.025 13,355.1 25.648 26.285 13,372.6 25.317 25.745
4F5/2 12,478.2 24.678 23.148 12,423.6 25.776 20.243 12,367.1 26.084 25.892 12,400.8 26.824 26.158
4F3/2 11,415.5 7.308 7.273 11,369.3 7.739 7.544 11,350.2 8.124 8.087 11,361.1 8.182 7.806

r.m.s. 1.289 0.763 0.433 0.805

Band SmW5 SmW10 SmW15 SmW20

� (cm−1) fexp fcalc � (cm−1) fexp fcalc � (cm−1
) fexp fcalc � (cm−1) fexp fcalc

(b) Sm3+ ion
6F11/2 10,565 0.785 0.915 10,541 0.801 1.031 10,523 1.145 1.031 10,530 0.953 1.053
6F9/2 9220 6.026 6.157 9195 5.946 6.327 9181.1 6.283 6.327 9185 6.276 6.624
6F7/2 8056 8.246 8.734 8043 9.658 9.281 8030.8 10.295 9.281 8035 10.163 10.053
6 5.1

2.4
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F5/2 7213 4.907 5.017 7209 5.360
6F3/2 6744 1.248 1.833 6732 1.548
6F1/2 + 6H15/2 6445 1.148 0.751 6431 1.008

r.m.s. 0.361 3.446

t is noticed that with increase in the content of WO3 up to 15 mol%,
he intensity of the three principal bands viz., 4F3/2 → 4I13/2
Nd3+), 4G5/2 → 6H7/2 (Sm3+), 5D0 → 7F2 (Eu3+) is observed to
ncrease.

The energy level diagrams containing observed absorption and
mission transitions of Nd3+, Sm3+ and Eu3+ ions for one of the
lasses (glass containing 10 mol% WO3) in each series are shown in
ig. 9.

Using J–O intensity parameters, the radiative transition proba-
ility from the excited state 〈fN[� , S, L]J| to the lower state |fN[� ′, S′,
′]J′〉 is evaluated by the standard equation:

JJ′ = 64�4e2�3

3h (2J′ + 1)

[
n(n2 + 2)

2

9
Sed

]
(3)

here

ed =
∑

�=2,4,6

˝�〈f N[�, S, L]J||U�||f N[� ′, S′, L′]J〉2
,

nd e is the charge of electron, and all other quantities are the same
s in Eq. (2). Summing up the AJJ′ quantities over all possible final

tates, one can get the radiative life time � of an excited energy level
nd the branching ratio ˇJJ′ are evaluated using as,

= 1∑
J′ AJJ′

(4)

able 3
ummary of the J–O parameters �� for the rare earth ion doped ZnF2–WO3–TeO2 glasses

Glass �2 �4

(a) Nd3+ doped glasses
NdW5 26.85 17.69
NdW10 24.55 15.07
NdW15 20.63 13.56
NdW20 22.45 14.10

(b)Sm3+ doped glasses
SmW5 0.96 15.47
SmW10 0.91 10.17
SmW15 0.82 9.15
SmW20 0.90 9.65
13 7197.9 5.452 5.692 7202 5.386 5.475
88 6721.3 2.205 2.819 6726 1.982 2.108
28 6419.3 1.352 1.407 6425 1.342 1.291

0.497 0.168

ˇJJ′ = AJJ′∑
J′

AJJ′
(5)

The details of emission parameters for the glasses mixed with
10 mol% of WO3 for all the three rare earth doped glasses are pre-
sented in Tables 4a–4c and the summary of these data for the three
principal levels in Table 5.

Since the matrix elements of the unit tensor operators for the
5D0–7F3 transition for this ion are zero, estimation of the radiative
transition probability could not be possible.

4. Discussion

It is well known that the basic building block of TeO2 glass
structure is a trigonal bipyramid commonly called TeO4 E, where
one of the three equatorial directions is occupied by the 5s2 elec-
tronic pair (E) of the tellurium atom with two equatorial bonds. The
environment of these Te atoms is completed by two other longer
interactions of lengths 2.9 Å and the three dimensional close pack-
ing is constituted from vertices sharing TeO4 groups (Teeq–Oax–Te)

reinforced by weaker Te–O interactions of lengths 2.9 Å [41,55]. In
general ZnF2 acts as modifier, fluorine ions break the Te–O bonds
while Zn2+ ions may occupy interstitial positions or may form
Zn–O–Te linkages because of the close ionic radii of Te4+ (0.7 Å)
and Zn2+ (0.74 Å) ions.

.

�6 �4/�6 ı

21.67 0.82 0.876
19.23 0.78 0.824
18.83 0.72 0.792
17.72 0.80 0.807

9.62 1.61 −0.0916
7.66 1.33 −0.0959
7.15 1.28 −0.1060
7.28 1.32 −0.0972
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Fig. 8. (a) Photoluminescence spectra of ZnF2–WO3–TeO2:Nd2O3 glasses
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ecorded at room temperature (�exc = 878 nm). (b) Photoluminescence spectra of
nF2–WO3–TeO2:Sm2O3 glasses recorded at room temperature (�exc = 462 nm). (c)
hotoluminescence spectra of ZnF2–WO3–TeO2:Eu2O3 glasses recorded at room
emperature (�exc = 465 nm).

WO3 belongs to the intermediate class of glass forming oxides.
t is an incipient glass network former, normally tungsten ion exists
n W6+ state and participates in glass network with WO4 and WO6
tructural units and may alternate with tellurite structural units
nd form the linkages of the type Te–O–W as mentioned earlier
56,57]. Tungsten ions also exist in stable W5+ state, form W5+O3
omplexes and occupy octahedral positions with distortions due
o the Jahn–Teller effect [58] and decrease the long-range order-
ng in the glass network. Brenier and Kityk have demonstrated
hat such a decease in the long-range orders leads to a substan-

ial widening of the emission peaks of rare earth ions present in
he glass matrix [59]. A weak kink (at 1030 nm Fig. 7) observed in
he optical absorption spectra of with the highest intensity in the
lasses LnW15 is identified due to dxy → dx

2−y
2 transition of W5+

ons indicating conversion of a part of tungsten ions into W5+ state.
ompounds 508 (2010) 278–291 285

The observed increase in the half width and the intensity of
the ESR signal with the concentration of WO3 up to 15 mol% obvi-
ously suggests the gradual hike in the concentration of W5+ ions
in the glass matrix. The value of g factor observed in the range
1.65 < g⊥ < 1.75 and 1.55 < g|| < 1.65 indicate that W5+ ions present
in axially distorted octahedral positions with a short W–O bond
and an opposite long W–O bond along the symmetry axis of oxygen
ions [57]. Additionally the difference between g|| and g⊥ (anisotropy
factor) changes is different for different for rare earth ion doped
glasses in the glass network; this observation indicates that W5+

octahedron experiences different structural changes for different
rare earth ion doped glasses.

Overall, there is a gradual increase in structural depolymer-
ization in the glasses with increase in the content of WO3 up to
15 mol%. This result is also consistent with the variations in Tg and
Tc − Tg values observed in the DSC studies. With increase in the
concentration of WO3 up to 15 mol%, the glass transition temper-
ature Tg and the glass forming ability parameter have exhibited a
decreasing trend. Such trend indicates the lessening of augmented
cross-link density of various structural groups and closeness of
packing.

Yet, another support for this argument can also be obtained from
IR and Raman spectra. In these spectra it is observed that the sym-
metrical vibrational frequencies of �ax

s-TeO2 bonds of TeO4 groups
in the IR spectra are spectrally shifted towards higher frequencies
with decreasing intensity as the concentration of WO3 is increased
up to 15 mol%. The intensity of the bands due to WO6 structural
units is observed to increase at the expense of the band due to
WO4 structural units. As per the earlier reports the octahedrally
positioned tungsten ions induce non-bridging oxygens where as
tetrahedral tungsten ions participate in the glass network [57]. Thus
the results of IR and Raman spectra suggest that there is an increas-
ing degree of disorder owing due to increasing content of modifying
W5+ ions.

The W5+ ions are expected to occupy only interstitial positions
and act as modifiers since the ratio of cation–oxygen radii is 0.45
for W5+ ion, which is far from the value of 0.19 possessed by an ion
to occupy tetrahedral or substitutional sites [60]. These ions enter
the glass network by breaking up W–O–Te and Te–O–Te bonds and
introduce: (i) the stable Te–O− and (ii) unstable Te–O− bonds which
will later be modified to Te–O− (or simply TeO3+1) owing to the con-
traction of one Te–O− and the elongation of another Te–O− bond as
illustrated in Fig. 10. With increasing WO3 content (up to 15 mol%),
cleavage of continuous network leads to an increase in the fraction
of TeO3+1 polyhedra. Further, the elongation of Te–O bond of TeO3+1
and its cleavage finally lead to the formation of trigonal prismatic
TeO3 units. Thus in addition to Te–O–Te, W–O–Te linkages, WO4
and WO6 units, the structure of the studied glass network consists
of TeO3+1 and TeO3, free Zn2+ ions, free F− ions and non-bridging
oxygens. The concentration of such bonding defects as mentioned
above depends upon the concentration of WO3.

Thus, the variation in the concentration of WO3 causes
substantial structural modifications at the lasing ion site in
ZnF2–WO3–TeO2 glass network. If we consider the varying con-
centrations of tungsten ions of different valence states to be
incorporated between the long-chain molecules in the vicinity of
rare earth ion in the Te–O–Te network, then the symmetry and/or
covalency of the glass at the rare earth ions should be different for
the glasses containing different concentrations of WO3 in the glass
network. Additionally, the variations in the concentration of differ-
ent structural units of tellurite, tungstenate and linkages between

them are also expected to modify the crystal field around lasing
ions in the glass network.

The rare earth ions that occupy different coordination sites
with non-centro symmetric potential contribute significantly to
�2. Even with similar coordination, the differences in the distor-
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ig. 9. The energy level diagrams containing observed absorption and emission tra

ion at these ion sites may lead to a distribution in the local crystal
eld. The variations in the sites with non-centro symmetric poten-
ial (that may arise due to the influences of the dielectric of media,
he environment of the rare earth ion and nephelauxetic effect) lead
o changes in �2 value. In fact, among the three J–O parameters, the
arameter �2 is related to the covalency and structural changes in
he vicinity of the rare earth ion (short-range effect) and �4 and

6 are related the long-range effects and are strongly influenced
y the vibrational levels associated with the central rare earth ions
ound to the ligand atoms. The comparison of �2 parameter for the
hree rare earth doped glasses shows the lowest values for glasses

ixed with 15 mol% of WO3.
According to the Judd–Ofelt theory, the intensity parameters

ontain two terms: (i) crystal field parameter that determines the
ymmetry and distortion related to the structural change in the
icinity of Ln3+ ions. In the present context, this may be understood
s follows: the higher the concentration of the modifier ions (W5+

ons), the larger is the average distance between Te–O–W, Te–O–Te
hains causing the average Ln–O distance to increase. Such increase
n the bond lengths produces weaker field around Ln3+ ions leading
o a decrease in the value of �2 with increase in the concentration
f WO3. (ii) The covalency between the Ln3+ ion and the ligand oxy-
en ion also contribute to �2. For oxide glasses this is related to the
adial overlapping integral of the wavefunctions between 4f and
dmixing levels, e.g. 5d, 5g and the energy denominator between
hese two energy terms. Thus decreasing value of �2 with increase
n the concentration of WO3 up to 15 mol% points out, that there
s a gradual increase in the concentration of W5+ ions that act as

odifiers in all the three series of the glasses. The values of �4 and
6 are strongly influenced by the vibrational levels associated with

he central rare earth ions bound to the ligand atoms. The bonding
arameter ı evaluated from the absorption data showed a decreas-
ng trend with increase in the concentration of WO3 up to 15 mol%.
his observation indicates a decreasing covalent environment for
n3+ ions from glass LnW5 to LnW15 and slightly higher covalent
nvironment in glass LnW20 with respect to that in LnW15.
Sm3+ Eu3+ F0

ns of Nd3+, Sm3+ and Eu3+ ions in ZnF2–TeO2 glasses mixed with 10 mol% of WO3.

In the absorption spectra of Nd3+ doped samples, the transition
4I9/2 → 4G5/2 is found to be more intense than any other state.
This is evidently because of better validity of the selection rules,
	J < 2, 	L < 2 and 	S = 0, for this transition. In addition, the
higher values of ||U�||2 are also considered as an important factor
for the hyper sensitive nature of this level [61]. The positions of
4I9/2 → 4G5/2, 4G7/2 transition of Nd3+ are spectrally shifted towards
slightly longer wavelength with the increase of WO3 content. This
observation indicates the dwindling of covalency of the chemical
bond between the Nd3+ and the ligand atoms [61]. This is also
in accordance with the trend in �2. We have also observed the
effective bandwidth of these transitions to be the highest for the
glasses mixed with 15 mol% of WO3. This observation points out
that the distribution in the crystal fields due to differences in the
site symmetries of Nd3+ is narrower for the NdW15 glass compared
to the other three glasses in this series [19]. From the energy range
of the transition 4I9/2 → 2P1/2 (23,200–23,400 cm−1) observed, the
effective coordination of this ion may be assumed between 8 and
9 in the studied glass network [20]. The eight coordination with C2
symmetry may visualized by four pairs of oxide ions coming from
four tetrahedral constituted by TeO4 and WO4 units as illustrated
in Fig. 10.

The optical transitions 6H5/2 → 6F9/2, 6F7/2 of Sm3+ occur-
ring in the absorption spectra in the near infrared region are
hypersensitive. In the emission spectra of Sm3+ ion, the transi-
tion 4G5/2 → 6H9/2 is also identified as hypersensitive. The closer
observation of these spectra further indicates that 6H5/2 → 6F7/2
transition is a threefold triplet. Due to certain self adjustment of
Sm3+ environment in the glass network, there may be a degener-
acy of 6H5/2 ground state in the crystal field [62]; such degeneracy
leads to the observed splitting of this transition. The lumines-
cence spectra of Sm3+ are similar to those reported for a number

of other glass systems [62–64]. The high intensity of the lumines-
cence bands of Sm3+ ion in SmW15 glass indicates the quenching
of luminescence in this glass is low. The high luminescence output
obtained for this glass also indicates that there is a less cross relax-
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Table 4a
Radiative parameters of Nd3+ doped ZnF2–TeO2 glasses mixed with 10 mol% of WO3.

Initial state and calculated radiative lifetime Final state � (cm−1) Radiative probability A (s−1) Branching ratio ˇ%

2K15/2 + 2G9/2 + 2D3/2 + 4G11/2

� = 12 �s

4I9/2 21,079 3635.0 44.0
4I11/2 19,222 9268.6 11.22
4I13/2 17,243 22,030 26.67
4I15/2 15,183 37,195 45.03
4F3/2 9710.1 591.73 0.72
2H9/2 9028.1 3400.5 4.12
4F5/2 8655.5 874.32 1.06
4F7/2 + 4S3/2 7693.2 1865 2.25
4F9/2 6472.1 2033.7 2.46
2H11/2 5242.5 1492.8 1.81
4G5/2 + 2G7/2 3977.6 150.2 0.18
2K13/2 + 4G7/2 2160.2 25.664 0.03

24.804 0.03
4G9/2 1520.9 13.041 0.02∑

J ′

AJJ ′ = 82601

4G9/2

� = 22 �s

4I9/2 19,558 2847.4 6.16
4I11/2 17,701 11,748 25.41
4I13/2 15,722 25,402 54.94
4I15/2 13,662 3809.6 8.24
4F3/2 8189.2 444.13 0.96
2H9/2 7507.2 291.85 0.63
4F5/2 7134.6 499.24 1.08
4F7/2 + 4S3/2 6172.3 938.99 2.0
4F9/2 4951.2 163.04 0.35
2H11/2 3721.6 55.32 0.12
4G5/2 + 2G7/2 2456.7 33.9 0.08
2K13/2 + 4G7/2 639.30 0.51 0.0∑

J ′

AJJ ′ = 46234

2K13/2 + 4G7/2

� = 23 �s

4I9/2 18,919 10,293 23.56
4I11/2 17,062 24,692 56.51
4I13/2 15,083 4580.0 10.48
4I15/2 13,023 341.93 0.78
4F3/2 7549.9 428.65 0.98
2H9/2 6867.9 2137.2 4.89
4F5/2 6495.3 639.74 1.46
4F7/2 + 4S3/2 5533.0 417.86 0.95
4F9/2 4311.9 81.23 0.19
2H11/2 3082.3 62.297 0.14
4G5/2 + 2G7/2 1817.4 21.362 0.0005∑

J ′

AJJ ′ = 43695

4G5/2 + 2G7/2

� = 12 �s

4I9/2 17,102 59,463 69.01
4I11/2 15,244 21,345 24.77
4I13/2 13,266 2495.6 02.90
4I15/2 11,206 874.04 01.01
4F3/2 5732.5 989.07 01.15
2H9/2 5050.5 185.17 00.21
4F5/2 4677.9 540.89 00.63
4F7/2 + 4S3/2 3715.6 231.51 00.27
4F9/2 2494.5 40.75 00.05
2H11/2 1264.9 4.034 0.0∑

J ′

AJJ ′ = 86169

2H11/2

� = 794 �s

4I9/2 15,837 169.25 13.43
4I11/2 13,980 173.54 13.77
4I13/2 12,001 123.87 09.83
4I15/2 9940.6 710.00 56.35
4F3/2 4467.6 2.4674 00.20
2H9/2 3785.6 63.68 05.05
4F5/2 3413.0 3.46 00.27
4F7/2 2450.7 11.73 00.93
4F9/2 1229.6 1.11 00.09∑

J ′

AJJ ′ = 1260

4F9/2

� = 95 �s

4I9/2 14,607 751.49 07.15
4I11/2 12,750 3524.4 33.53
4I13/2 10,771 3701.1 35.21
4I15/2 8711.0 2502.1 23.80
4F3/2 3238.0 17.299 00.16
2H9/2 2556.0 4.8326 00.05
4F5/2 2183.4 7.2591 00.07
4F7/2 + 4S3/2 1221.1 2.09 0.02
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Table 4a (Continued)

Initial state and calculated radiative lifetime Final state � (cm−1) Radiative probability A (s−1) Branching ratio ˇ%∑
J ′

AJJ ′ = 10511

4F7/2 + 4S3/2

� = 38 �s

4I9/2 13,386 11,732 44.44
4I11/2 11,529 7390.8 28.00
4I13/2 9549.9 4178.9 15.83
4I15/2 7489.9 3090.6 11.71
4F3/2 2016.9 3.10 0.01
2H9/2 1334.9 0.52 0.0
4F5/2 962.30 0.90 0.0∑

J ′

AJJ ′ = 26396

4F5/2

� = 83 �s

4I9/2 12,424 7835.7 64.69
4I11/2 10,567 1410.1 11.64
4I13/2 8587.6 2415.8 19.95
4I15/2 6527.6 448.90 3.71
4F3/2 1054.6 1.16 0.0
2H9/2 372.60 0.012 0.0∑

J ′

AJJ ′ = 12112

4F3/2

� = 107 �s

4I9/2 11,369 3668.2 39.25
4I11/2 9512.0 4672.0 49.99
4I13/2 7533.0 959.81 10.27
4I15/2 5473.0 46.065 0.49∑

J ′

AJJ ′ = 9346

Table 4b
Radiative parameters of Sm3+ doped ZnF2–TeO2 glasses mixed with 10 mol% of WO3.

Initial state and calculated radiative lifetime Final state � (cm−1) Radiative probability A (s−1) Branching ratio ˇ%

4G5/2

� = 2.2
ms

6H5/2 17,700 13.86 3.09
6H7/2 16,669 238.02 53.13
6H9/2 15,465 112.65 25.15
6H11/2 14,142 59.65 13.31
6H13/2 12,741 7.62 1.70
6F1/2 + 6H15/2 11,269 0.76 0.06
6F3/2 10,968 0.73 0.10
6F5/2 10,491 8.22 0.16
6F7/2 9657.0 4.8100 1.83
6F9/2 8505.0 1.25 1.07
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6F11/2

tion i.e., the transfer of energy from the excited state of Sm-ion
y electric multipole interaction (more precisely dipole-dipole or
ipole-quadrapole interactions) to neighboring Sm-ion lying in the
round state is low for this particular glass when compared with
ther glasses of this system. In the emission spectra, the transi-
ion 4G5/2 → 6H7/2 with 	J = ±1 is a magnetic dipole (MD) allowed
here as the transition 4G5/2 → 6H9/2 is purely electric dipole one.

he intensity ratio of electric dipole to magnetic dipole transitions
s a measure of the asymmetry of the local environment of Sm3+
ons. The greater the intensity ratio of the electric dipole transition
o the magnetic dipole transition (I4G5/2 → 6H9/2/I4G5/2 → 6H7/2) the

ore is the asymmetry of Sm3+ in the network [23]. In the present
ork, this ratio is evidently more for the glass SmW15 indicating the
ighest local disorder for the Sm3+ ion in the network of this glass.

able 4c
adiative parameters of Eu3+ doped ZnF2–TeO2 glasses mixed with 10 mol% of WO3.

Initial state and calculated radiative lifetime Final state � (cm

5D0

� = 2.9 ms

7F1 16,8
7F2 16,2
7F4 14,2
59 0.44 0.28∑
J′

AJJ′ = 448

The absorption and emission spectra of Eu3+ show special char-
acteristics not exhibited by the other rare earth ions. The relative
emission intensities of transitions occurring in the low-energy
region to those in the high-energy region are quite sensitive to
the host matrix. Hypersensitive transitions invariably appear, as
intense emission bands in the low-energy region and are influ-
enced by micro-symmetry under-covalency of the rare earth ions.
Further, the transition 5D0 → 7F0 in the emission spectra is typical
for coordination of the Eu3+ ion. This transition observed at about

−1
17,200 cm for the studied glasses suggests 8–9 coordination for
Eu3+ ion in the glass network [65]. This transition is purely elec-
tric dipole in nature and can therefore be expected to give reliable
values for the radiative parameters unlike other transitions which
arise due to J mixing or pure magnetic dipole transitions. The tran-

−1) Radiative probability A (s−1) Branching ratio ˇ%

06.7 49 14.5
33.8 251 73.7
04.6 40 11.8∑

J′

AJJ′ = 340
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Table 5
A comparison of radiative lifetimes (�) and quantum efficiencies (
) for the principal transitions in ZnF2–WO3–TeO2:Ln3+ glasses.

WO3 conc. (mol%) Nd3+ doped glasses (4F3/2 level) Sm3+ doped glasses (4G5/2 level) Eu3+ doped glasses (5D0 level)

�m (�s) �c (�s) 
% �m (ms) � (ms) 
% �m (ms) � (ms) 
%

.98

.48

.93

.80

s
r
t
g
s
v
a
(
t
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r

t
t
t
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a
t
4

a
a
a
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t
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5 65.14 95 68.57 0
10 82.52 107 77.12 1
15 102.06 116 87.98 1
20 91.20 109 83.67 1

itions 5D0 → 7F2 and 5D0 → 7F1 occur in the red (R) and orange (O)
egions, respectively and intensities of these transitions depend on
he Judd–Ofelt parameters �2 and �4 or in other words the inte-
rated emission intensity ratio of these two transitions (R/O ratio) is
trongly influenced by site asymmetry (or structural changes in the
icinity of the Eu3+ ion) and covalency of the bonds with the ligand
nions [65,66]. The values of this ratio shows a decreasing trend
EuW5 = 5.32, EuW10 = 5.19, EuW15 = 4.92 and EuW20 = 5.16) with
he increase in the concentration of WO3 up to 15 mol%, indicating
ecreasing covalent environment for Eu3+ ions in this concentration
ange of WO3.

The parameter ˇr (i.e., the branching ratio) of the luminescence
ransitions characterizes the lasing power of the potential laser
ransitions. The ˇr values obtained for various luminescent transi-
ions for the three rare earth ions of the glasses mixed with 10 mol%
f WO3 are furnished in Table 3a–c. It was well established that
n emission level with ˇr value nearly equal to 50% is a poten-
ial laser emission [67]. Among various transitions, the transitions
F3/2 → 4I11/2, 4G5/2 → 6H7/2, 5D0 → 7F2 respectively for Nd3+, Sm3+

nd Eu3+ doped glasses found to have the highest values of ˇr for
ll the three glasses; these transitions may therefore be considered
s a possible laser transitions. Further, the comparison of ˇr values
f these transitions for the glasses mixed with different concentra-
ions of WO3 shows the largest value for LnW15 glasses indicating
hat these glasses exhibit better lasing action (Table 5).
The fluorescence decay curves of the emission lines corre-
ponding to 4F3/2, 4G5/2, 5D0 levels of Nd3+, Sm3+ and Eu3+ ions
espectively in ZnF2–TeO2 glasses mixed with different concen-
rations of WO3 are recorded at room temperature and the log of
ntensity dependences with the decay time are shown in Fig. 11; the

Fig. 10. An illustration of Nd3+ ion embedded in TeO2 glass networ
1.60 61.25 1.04 2.50 41.60
2.20 67.27 1.27 2.90 43.79
2.72 70.96 1.69 3.25 52.0
2.61 68.97 1.39 2.85 48.77

variation indicates that the decay is single exponential. The fluores-
cence lifetime �, evaluated from these graphs is apparently shorter
than calculated life times from the J–O theory (Table 5). Such dif-
ference may indicate on multi-phonon relaxations. The increasing
trend of life time either calculated or measured for the glasses LnW5
to LnW15 suggests a decreasing trend of phonon loses or increasing
presence of W5+ ions that act as modifier in these glasses.

Normally, the non-radiative processes, the total radiative life-
time �m of particular level is defined as

1
�m

= Arad + Wmp (6)

where Arad is the radiative decay rate (in the absence of non-
radiative losses) and Wmp represents the multi-phonon decay rate
of Ln3+ ions given by

Wmp(T) = W0

[
exp(h̄ω/kT)

exp(h̄ω/kT) − 1

]p

(7)

where W0 = Wmp (T = 0 K) = C exp(−�	E).
	E is represents the gap between the levels of interest and p

is the number of phonons given 	E/�ω. Additionally, some aggre-
gations and interaction with the phonon subsystem may also be
responsible for the observed variations in the radiative decay rate

for these samples. Thus following the radiative life times, it is evi-
dent that there is a gradual decrease of interaction of Ln3+ ions with
the glass network in the glasses from LnW5 to LnW15 since �m is
observed to increase with increase in the concentration of WO3 up
to 15 mol%.

k with tungsten ions in tetrahedral and octahedral positions.
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ig. 11. The variation of fluorescence intensity with the time of the emission lines
lasses mixed with different concentrations of WO3. Insets represent the variation

The quantum yield (
) is defined as the radiative portion of the
otal relaxation rate of a given energy level [68]:

= Arad

Arad + Wnr
= �exp

�rad
(8)

here Arad is the total radiative relaxation rate, Wnr is the rate of
otal non-radiative transition �exp – experimental lifetime, �rad –
adiative lifetime. The value of 
 for the three principal levels viz.,
F3/2, 4G5/2, 5D0 of Nd3+, Sm3+ and Eu3+ ions respectively are deter-
ined and presented in Table 4. As the concentration of WO3 is

ncreased from 5 to 15 mol%, the value of 
 is observed to increase
onsiderably; such rise is connected not only with the rise of the
adiative relaxation probability but also with a reduction of the
on-radiative transition probability. This is possibly due to the
ecrease of the electron–phonon coupling of the Ln3+ ion with the
igh-energy phonons and relative increase of this coupling with

ow-energy phonons in the TeO2 glass network [69].
The radiative transition probabilities for all the three rare earth

oped glasses mixed with 20 mol% of WO3 show a deviation from
hose of the glasses LnW5, LnW10, LnW15; such trend suggests that
he reduction of tungsten ions to W5+ state is considerably less in
his glass. Major proportion exists in W6+ states and participate in
he glass network (this is also evidenced from IR, Raman and ESR
pectral studies) causing to lower values of transition probabilities.

. Conclusions

Glasses of the composition (45−x)ZnF2–xWO3–49TeO2:
.0Nd2O3/Sm2O3/Eu2O3 with x varying from 5 to 20 mol% have
een prepared. DSC, IR, Raman, ESR, optical absorption and pho-
oluminescence studies have been carried out. ESR studies have
ndicated that the tungsten ions exist in W5+ state, in addition
o W6+ state. IR and Raman spectral studies have suggested that
here is a growing degree of disorder in the glass network with

ncrease in the concentration of WO3 up to 15 mol%. The Judd–Ofelt
heory could successfully be applied to characterize the optical
bsorption spectra of three rare earth ions; out of the three J–O
arameters (��), the value of �2, which is related to the structural
hanges in the vicinity of the Ln3+ ion exhibited a gradual decrease

[

[

[

e (ms) Time (ms)

4F3/2 (Nd3+), (b) 4G5/2 (Sm3+), and (c) 5D0 (Eu3+) levels respectively in ZnF2–TeO2

inescence efficiency with the concentration of WO3.

with increase in the concentration of WO3 up to 15 mol%. From
this observation it is concluded that there is gradual increase in
the degree of disorder or asymmetry in the glass network. The
radiative transition probabilities and branching ratios evaluated
for various luminescent transitions observed in the luminescence
spectra, suggested the highest values for 4F3/2 → 4I11/2 (Nd3+),
4G5/2 → 6H7/2 (Sm3+) and 5D0 → 7F2 (Eu3+). The comparison of
ˇr values of these transitions showed the largest value for glass
mixed with 15 mol% of WO3. Finally, with the aid of the data on
ESR, IR and Raman spectral studies, it is concluded that the glass
containing the highest concentration of tungsten ions in W5+ state
is preferable for achieving the highest luminescence efficiency for
all the three rare earth ions.
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