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a b s t r a c t

Spectroscopic properties of Sm3þ containing zinc oxide based phosphate glasses in the chemical com-
position (50�x)P2O5þ20Na2HPO4þ9AlF3þxZnOþ1Sm2O3 (where x¼5, 10, 15, 20 and 25) have been
studied. Raman, optical absorption, emission spectra and luminescence decay profiles were recorded and
systematically analyzed. Using Judd–Ofelt theory, Judd–Ofelt intensity parameters Ωλ (λ¼2, 4 and 6),
spontaneous radiative transition probabilities (Arad), radiative lifetimes (τR), branching ratios (β) were
calculated and discussed. With 400 nmwavelength excitation, the emission spectra and decay lifetime of
4G52 level of Sm

3þ doped zinc-phosphate glasses were studied. The branching ratios and emission cross-
sections for the transition, 4G5/2-

6H7/2 are found to be higher for x¼25 mol% of zinc-phosphate glass
matrix. The observed decay profiles were found to be exhibiting non-exponential behavior for all zinc-
phosphate glasses, due to non-radiative energy transfer among the excited Sm3þ ions.

& 2014 Published by Elsevier B.V.
1. Introduction

Spectroscopic investigations of rare earth (RE3þ) doped optical
glasses are important to develop optoelectronic devices such as
solid state lasers, optical amplifiers, phosphors, solar cells [1–5].
Spectral properties of rare earth ions in glasses vary in a wide
range depending on chemical composition of glass formers and
modifiers. Phosphate glass possesses a large glass formation re-
gion and is a good host for fluorescent ions. Since the first theo-
retical treatment of sensitized luminescence for the electric dipole
transition by Forster [6], the energy transfer (ET) phenomenon has
been studied extensively in phosphate based inorganic phosphors,
crystals and glasses [7,8]. The presence of ZnO as modifier imparts
additional mechanical strength, chemical durability, besides low-
ering thermal expansion coefficient, hygroscopic nature and also
found to be attractive due to its good optical, electrical and mag-
netic properties. Addition of AlF3 in the form of intermediate en-
hances rare earth luminescence and lifetime by reusing non-ra-
diative losses. Among rare earth ions, trivalent samarium (Sm3þ)
is widely considered as one of the best active luminescent ion. It
exhibits a strong orange–red fluorescence in the visible region. The
very large number of energy levels lying close to each other ren-
ders the interpretation of the absorption spectra rather
cumbersome. Sm3þ ions emitting 4G5/2 level in the visible region
exhibit relatively high quantum efficiency and different quenching
channels. Especially, Sm3þ doped glasses have stimulated ex-
tensive interest due to their potential applications for color dis-
plays, visible solid state lasers, photodynamic therapy (PDT) light
sources and high density optical memory devices [9–12]. More-
over, Sm3þ can be easily reduced into Sm2þ under reducing at-
mosphere [13], ionizing radiation [14] or femtosecond laser irra-
diation [15] and are particularly interesting for persistent spectral
hole burning (PSHB) studies [16]. Based on optical absorption and
emission bands of intra-configurational f–f transitions, the energy
level intensities of Sm3þ ions in several host media were described
and estimated quantitatively by using the Judd–Ofelt (J–O) theory
[17,18].

Recently, spectroscopic and radiative properties of Sm3þ doped
K–Mg–Al phosphate glasses were reported by Srinivasa Rao et al.
[19]. Judd–Ofelt parameters and radiative properties of Sm3þ ions
doped zinc bismuth borate glasses were studied by Agarwal et al.
[20]. Seshadri et al. [21] had reported the spectroscopic and laser
properties of Sm3þ ions doped in different phosphate glasses.
Caldino et al. [22] had studied optical spectroscopy and waveguide
fabrication in Sm3þ/Tb3þ doped zinc–sodium–aluminosilicate
glasses. Luminescence, structural and dielectric properties of
Sm3þ doped impurities in strontium lithium bismuth borate
glasses were reported by Rajesh et al. [23].

In the present paper, the authors report the optical absorption
and luminescence properties and decay process of Sm3þ doped
zinc phosphate glasses. The Judd–Ofelt intensity parameters (Ω2,
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Ω4 and Ω6), radiative transition probabilities (Arad), radiative
lifetimes (τ) and branching ratios (β) were estimated from the
absorption spectra using Judd–Ofelt analysis. Derived from the
multichannel radiative transition of Sm3þ , the visible emission
peaks at 560 nm, 597 nm, 649 nm and 702 nmwere observed. The
stimulated emission cross-sections (sP) of the observed emission
peaks were estimated and the fluorescence decay lifetime mea-
surements were reported.
Fig. 1. Variation of density and molar volume with x (mol%) in Sm3þ doped zinc-
phosphate glasses.
2. Experimental

The zinc-phosphate glasses studied in the present work are
based on the composition (50–x)P2O5þ20Na2HPO4þxZnOþ
9AlF3þ1Sm2O3 (where x¼5, 10, 15, 20 and 25 mol%). All the
samples were prepared from the starting chemical constituents
NH4H2PO4, Na2HPO4, ZnCO3, AlF3 and Sm2O3. About 10 g batch of
glass composition in each case was mixed in an agate mortar and
melted in electric furnace at 850 °C for 1 h in porcelain crucible.
The melt was quenched to room temperature in a brass plate. The
obtained glass samples were subsequently annealed at 300 °C for
3 h and then cooled down slowly to room temperature.

The densities of the glass samples were determined using Ar-
chimedes principle with water as the immersion liquid for all the
zinc-phosphate glasses. The refractive indices of the glasses were
measured on an Abbe refractometer using 1-bromonaphtalene as
an adhesive coating. Raman spectra were measured using Lab
Raman HR 800 Confocal Raman spectrometer. Optical absorption
spectra were recorded on JASCO V-570 UV–vis–NIR spectro-
photometer in the wavelength region 300–1800 nm. Emission
spectra of Sm3þ doped glasses were measured using SPEX Fluor-
olog-2 fluorometer (Model-II) under the excitation wavelength,
400 nm using Xe arc lamp as the excitation source in the wave-
length region 500–750 nm. The fluorescence decay lifetime mea-
surements were also carried under the excitation wavelength
400 nm for Sm3þ doped zinc phosphate glasses. All these mea-
surements carried out at room temperature.
3. Results and discussion

3.1. Physical properties and optical band gaps

Table 1 gives some of the physical properties of the Sm3þ

doped zinc-phosphate glasses which are calculated from the fun-
damental properties like densities, refractive indices and average
molecular weights of the glasses. It is observed that the density of
the present glass systems decreases with increase in ZnO content,
Table 1
Certain physical properties of Sm3þ doped zinc-phosphate glasses.

Physical properties x¼5 mol% x¼10 m

Molar mass, M (g mol�1) 118.3 116.6
Density, d (g/cm3) 3.25 3.21
Refractive index, nd 1.652 1.652
Molar refractivity, RM (cm�3) 13.317 13.259
Molar volume, V (cm3/mol) 36.4 36.2
Dielectric constant, ∈ 2.729 2.729
Electronic polarizability, αe�1024 (cm3) 5.28 5.26
Concentration, N�10�22 (ions per/cm3) 1.654 1.661
Ionic radius, ri (Å) 1.581 1.579
Inter-ionic distance, rp (Å) 3.925 3.919
Field strength, F�10�16 (cm2) 1.199 1.203
Reflection losses, R (%) 6.044 6.044
Indirect band gap, Eopt (eV) 3.96 3.95
Direct band gap, Eopt (eV) 3.96 3.95
while the molar volume decreased for x¼5–15 mol% and in-
creased for x¼20–25 mol% of ZnO phosphate glasses. The varia-
tion of density and molar volume with x in zinc-phosphate glasses
is shown in Fig. 1. It is also interested to notice that the ionic ra-
dius, ri (Å) and inter-ionic distance, rp (Å) decreased for x¼5–
15 mol% and increased for x¼20–25 mol% of ZnO phosphate
glasses.

Davis and Mott [24] obtained optical band gaps (Eopt) for both
direct and indirect transitions at the fundamental absorption edge
of crystalline or non-crystalline materials using the following
formula:

α ϖ
ϖ

ϖ
=

ℏ −
ℏ

( )B E
( ) (1)

opt
n

where α(ω) is the absorption coefficient, B is a constant, ℏω is the
photon energy of the incident radiation, Eopt is the optical band
gap and n is an index which can assume values 1, 2, 3, 1/2 or 3/2
depending on the nature of the inter-band electronic transitions.
The above equation with n¼2 agrees well for chalcogenide and
oxide glasses [25]. For direct transitions n¼1/2 and for indirect
transitions n¼2. Optical band gap values are obtained both for
indirect and direct transitions of Sm3þ doped zinc-phosphate
glass from the variation of (αℏω)1/2 with ℏω and from the
variation of (αℏω)2 with ℏω graphs respectively. The respective
values of Eopt are obtained by extrapolating to (αℏω)2¼0 for direct
transitions and (αℏω)1/2¼0 for indirect transitions. It is observed
that the optical band gaps for indirect transitions are presented in
ol% x¼15 mol% x¼20 mol% x¼25 mol%

114.9 113.2 111.5
3.20 3.12 3.03
1.650 1.652 1.652

13.098 13.275 13.446
35.9 36.3 36.8
2.722 2.729 2.729
5.19 5.26 5.33
1.678 1.659 1.638
1.574 1.580 1.586
3.906 3.921 3.937
1.211 1.202 1.192
6.016 6.044 6.044
3.92 3.92 3.90
3.93 3.91 3.88
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Table 1. From the table, it is observed that the optical band gaps for
both indirect and direct transitions are nearly equal for all zinc-
phosphate glasses. The optical band gaps for both indirect and
direct transitions decreases with the increase of ZnO content
(xmol%) could be explained using the concept of additivity of
local gaps [26] and similar results observed for the other rare earth
doped host glasses [27,28].

Generally, in the case of phosphate glasses, the absorption edge
is attributed to the optically induced transition of the electrons
between oxygen 2p orbital and non-occupied phosphorus 3d or-
bital. The charged non-bridging oxygen (NBO) of the PO4 unit
would introduce 2p energy levels, which are higher than those of
the bridging oxygen (BO). The higher 2p energy levels of the NBO
will lower the energy required to induce the transition of electrons
to the non-occupied phosphorus 3d orbital, and lead to the lower
Eopt of the glasses [29]. Moreover, the increased hydroxyl content
in the phosphate glass may shifts the cutoff towards the longer
wavelength side due to increased concentration of NBO in phos-
phate glasses [30]. Therefore, in the present work, decreased en-
ergy bandgap with the increased ZnO content in phosphate glass
matrix is due to the decreased phosphate chain length and relative
content of bridging oxygen (BO), respectively.

3.2. XRD and Raman spectra

The X-ray diffraction profiles (not shown) of the Sm3þ doped
zinc-phosphate glasses exhibits completely amorphous with no
diffraction peaks. The Raman spectra of the zinc-phosphate glasses
are shown in Fig. 2. Raman spectroscopy is employed to study the
structure of phosphate glasses and the band assignments which
Fig. 2. Raman spectra of Sm3þ doped zinc-phosphate glasses.
are reported in literature [31–33]. In the present work, the Raman
bands between 200 and 600 cm�1 is due to the bending vibrations
of orthophosphate units. The band at 360 cm�1 is due to the
bending vibrations of the phosphate polyhedral and at 557 cm�1

may be attributed to the symmetric stretch of PO� bonds. The
band observed between 600 and 800 cm�1 is due to the sym-
metric stretching of the bridging P–O bond. Its shifts from lower
frequency (699 cm�1) to higher frequency (752 cm�1) for x¼10–
25 mol% of ZnO in phosphate glass matrix. This might be explained
by the increase of P–O bond length or by the change in the chain
P–O–P bond angles as an effect of the modifiers on the network
structure. The bands between 1050 and 1210 cm�1 are related to
the symmetric stretching mode of non-bridging (PO2)sym re-
presenting the Q2 units and the bands shifted from higher fre-
quency (1188 cm�1) to lower frequency (1054 cm�1) with the
increase of ZnO (x in mol%) in phosphate glass matrix. At
x¼25 mol% of zinc-phosphate glass matrix, another peak at
1219 cm�1 is also an indicative of Q2 units within the glass
structure [31]. It is also observed that the intensities of the Raman
bands are increased at x¼10 mol% and then decreased for x¼15,
20 and 25 mol% of ZnO in phosphate glass matrices.

3.3. Absorption spectra and Judd–Ofelt analysis

Fig. 3 shows the optical absorption spectra of Sm3þ doped zinc-
phosphate glasses in the 300–1800 nm spectral region. Nineteen
bands are observed and located at 316, 339, 343, 360, 373, 401,
415, 439, 476, 526, 581, 943, 1076, 1229, 1378, 1486, 1544 and
1585 nm. These are associated with the transitions from the
ground state 6H5/2 to the excited states 4P3/2, 4H11/2, 4D7/2, 4D3/2,
4D1/2þ6P7/2, 6P3/2, 6P5/2, 4G5/2, 4I11/2þ4H3/2þ4M15/2, 4F3/2, 4G5/2,
6H11/2, 6F9/2, 6F7/2, 6F5/2, 6F3/2, 6F1/2 and 6H15/2. There is no change in
the position of the absorption peak and spectral profile of each
transition for zinc-phosphate glasses are similar to those in other
Sm3þ doped glasses for f–f transitions and are not easily affected
by surrounding ions. The spectral intensities of the absorption
bands are estimated by measuring the areas under the absorption
curves using the formula

∫ ε ν ν= × −f d4.32 10 ( ) (2)exp
9

where ∫ ε ν νd( ) represents the area under the absorption curve the
molar absorptivity ε ν( ) of the corresponding band at energy ν
(cm�1) under the integral is given by ε(ν)¼A/cl, where A is the
absorbance, c is the concentration of the lanthanide ion in mol/l
and l is optical path length. The magnetic dipole contributions are
negligible and hence they are not considered in the present work.
The theoretical oscillator strengths, fcal, of the electric dipole
transitions, within the fN, configurations can be calculated using
Judd–Ofelt theory [17,18]. The three Judd–Ofelt intensity para-
meters Ωλ (λ¼2, 4 and 6), were calculated by fitting the electric
dipole contributions of experimental and calculated spectral
intensities [34].

Table 2 shows the experimental, calculated spectral intensities
and Judd–Ofelt intensity parameters of Sm3þ doped zinc-phos-
phate glasses. The Judd–Ofelt intensity parameters in the present
work are compared with other glasses and are presented in the
table. It is observed that the spectral intensities are found to be
higher at x¼25 mol% of zinc-phosphate glass indicating higher
crystal field asymmetry and lower at x¼5 mol% of zinc-phosphate
glass indicating lower crystal field asymmetry. As referred pre-
viously by many authors [19–23,35,36], Ω2 parameter is an in-
dicator of the covalency of lanthanide sites,Ω4 andΩ6 parameters
are related to the bulk property and rigidity of the samples, re-
spectively such as viscosity and dielectric of the media. It is ob-
served that Ω2 and Ω6 parameters are minimum at x¼5 mol%



Fig. 3. Optical absorption spectra of Sm3þ doped zinc-phosphate glasses.

Table 2
Experimental and calculated spectral intensities (ƒexp�106) of certain excited states and Judd–Ofelt intensity parameters (Ω2, Ω4 and Ω6)(�10�20 cm2) of certain excited
states of Sm3þ doped zinc phosphate glass matrices.

S. no. Transitions 5 mol% 10 mol% 15 mol% 20 mol% 25 mol% PbO–PbF2 [42] Calibo [43] ZBS [20] LBTAF [44]

fexp fcal fexp fcal fexp fcal fexp fcal fexp fcal

1 4P3/2 0.40 0.62 0.28 0.48 0.10 0.64 0.11 0.63 0.75 0.59
2 4H11/2 1.05 – 1.64 – 0.87 – 6.19 – 2.27 –

3 4D7/2 0.22 1.39 0.56 1.59 0.31 1.58 0.46 1.55 0.18 1.66
4 4D3/2 1.69 1.00 1.57 0.78 2.04 1.03 1.67 1.01 1.99 0.95
5 4D1/2þ6P7/2 2.05 2.29 1.83 2.61 2.09 2.60 3.16 2.55 3.30 2.73
6 6P3/2 6.74 5.86 6.57 4.59 6.81 6.06 6.91 5.94 6.90 5.61
7 6P5/2 0.45 0.83 0.36 0.65 0.39 0.86 0.34 0.84 0.34 0.80
8 4G9/2 0.74 0.11 0.78 0.11 0.72 0.12 0.60 0.12 0.40 0.12
9 4I11/2þ4I13/2þ4M15/2 3.08 – 2.72 2.10 3.14 2.11 3.15 2.06 3.00 2.22
10 4F3/2 0.09 1.85 – – 0.08 – 0.13 – 0.13 –

11 4G5/2 0.26 0.25 0.24 0.02 0.44 0.02 0.33 0.02 0.24 0.02
12 6H11/2 0.30 0.69 0.42 0.80 0.39 0.79 0.44 0.78 0.41 0.83
14 6F9/2 3.95 4.26 4.52 4.81 4.58 4.84 4.08 4.74 4.40 5.06
15 6F7/2 6.00 6.06 6.46 6.39 6.68 6.75 6.79 6.63 7.15 6.92
16 6F5/2 3.32 3.07 2.49 2.45 3.44 3.21 3.20 3.15 3.08 3.06
17 6F3/2 1.34 1.75 1.47 1.58 1.57 1.95 1.56 1.88 1.97 2.10
18 6F1/2 0.82 0.56 0.78 0.71 1.00 0.76 0.91 0.69 1.16 1.07
19 6H15/2 0.11 0.03 0.12 0.04 0.10 0.04 0.10 0.04 0.11 0.04
rms deviation 70.64 70.76 70.68 70.66 70.66
Ω2 1.65 2.08 2.24 2.03 3.12 1.16 0.97 1.16 1.16
Ω4 5.29 4.13 5.46 5.36 5.07 2.60 5.04 2.60 2.60
Ω6 4.61 5.33 5.28 5.16 5.56 1.40 4.73 1.40 1.40
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Table 3
Radiative lifetimes (τrad) (μs) of certain excited states of Sm3þ doped zinc-phos-
phate glasses.

S. no. Transition 5 mol% 10 mol% 15 mol% 20 mol% 25 mol%

1 4G5/2 2498 2669 2289 2343 2254
2 6F11/2 666 626 595 606 576
3 6F9/2 745 719 668 679 650
4 6F7/2 988 971 888 902 854
5 6F5/2 1414 1444 1274 1298 1207
6 6F3/2 1923 2006 1721 1760 1577
7 6F1/2 2355 2437 2071 2160 1832

Fig. 4. Variation of AT with x in Sm3þ doped zinc-phosphate glasses.
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indicating lower covalency of Sm–O bond and lower rigidity of the
glass matrix at x¼5 mol%. These are maximum at x¼25 mol% in-
dicating higher covalency of Sm–O bond and higher rigidity of the
glass matrix. The order of magnitude of Judd–Ofelt intensity
parameters in all the glass systems is Ω2oΩ6oΩ4 except at
x¼10 mol% (Ω2oΩ4oΩ6) and 25 mol% (Ω2oΩ4oΩ6). Ωλ can
also be written as [31]

∑Ω λ Ξ λ λ= + + =λ
−A s s(2 1) ( , )(2 1) , 2, 4, 6

(3)s p
s p

,
,

2 2 1

where As p, are the crystal field parameters of rank s and are related
to the structure around rare earth ions. Ξ λs( , ) is related to the
matrix elements between the two radial wave functions of 4f and
the admixing levels e.g. 5d, 4f and the energy difference between
these levels. It has been suggested by Reisfeld [37] that Ξ
correlates to the nephelauxetic parameter β, which indicates the
degree of covalency of the RE–O bond.

The position and intensity of certain electric dipole transitions
of rare earth ions are very sensitive to the environment of the rare
earth ion and they will obey the selection rules
Δ ≤ Δ ≤ Δ =L J J2, 2 and 0 such transitions are called as hy-
persensitive transitions [37]. For Sm3þ ion, the hypersensitive
band, 6H5/2-

6F1/2, 6F3/2 clearly shows two peaks corresponding to
two transitions 6H5/2-

6F1/2 and 6H5/2-
6F3/2. Hypersensitive of

transition has been shown to be proportional to nephelauxetic
ratio, β which indicates the covalency of RE–O bonds [37]. In the
present work, the sum of the spectral intensities of the two hy-
persensitive transitions are 2.16, 2.25, 2.57, 2.47 and 3.13 and Ω2

parameters are 1.65, 2.08, 2.24, 2.03 and 3.12 for x¼5, 10, 15, 20
and 25 mol%, respectively. It is observed that the Ω2 parameter
decrease/increase with the decrease/increase of the sum of the
spectral intensities of the two hypersensitive transitions of Sm3þ

doped zinc-phosphate glasses. The spectral intensity of hy-
persensitive band is more at x¼25 mol% of zinc-phosphate glass
indicating high asymmetry of the crystal field around rare earth
ions at this glass matrix. The shift of peak wavelength of the hy-
persensitive transition towards shorter wavelength with the in-
crease of x in the glass matrix (because of nephelauxtic effect [37])
indicates decrease in covalency of RE–O bond. In the present work,
the peak wavelengths of the hypersensitive transition are the
same for different x values except at x¼25 mol%. The peak wa-
velengths of the hypersensitive transition are 1544, 1544, 1544,
1544 and 1535 nm for x¼5, 10, 15, 20 and 25 mol%, respectively.

The radiative transition probabilities (A), radiative lifetimes (τ)
of certain excited states and branching ratios (β) of certain tran-
sitions are estimated by using Judd–Ofelt parameters Ωλ (λ¼2,
4,6) values thus obtained from absorption spectra. The radiative
transition probability, Arad ′aJ bJ( , ) for emission from an initial state
aJto a final ground state ′bJ is given by Peacock [38]

∑

π
λ

Ω

′ =
+

+

‖ ‖ ′ ′ ′
λ

λ
λ

=

A aJ bJ
hc J

n n

SLJ U S L J

( , )
64

3 (2 1)

( 2)
9

(4)

rad

4

3 3

2 2

2,4,6

2

The total radiative transition probability, AT aJ( ) involving all the
intermediate terms between aJ and ′bJ is given by the sum of the
Arad ′aJ bJ( , ) terms calculated over all terminal states ′bJ

∑= ′
′

A aJ A aJ bJ( ) ( , )
(5)

T
bJ

rad

The radiative lifetime, τR of the emission state is

τ =
A aJ

1
( ) (6)R

T

The fluorescence branching ratios, β of the emission transition
is defined as

β ′ =
′

aJ bJ
A aJ bJ

A aJ
( , )

( , )
( ) (7)T

The estimated radiative lifetimes of the excited states, 4G5/2,
6F11/2, 6F9/2, 6F7/2, 6F5/2, 6F3/2 and 6F1/2 of Sm3þ doped zinc-phos-
phate glass samples are presented in Table 3. It is observed that for
all zinc-phosphate glass matrices, the order of magnitude of τR
parameter is 4G5/24

6F1/246F3/246F5/246F7/246F9/246F11/2.
Among the five glass matrices, the radiative lifetimes of all the
excited states of Sm3þ are lower and higher at x¼25 mol% and
5 mol%. The radiative lifetimes depend on the radiative transition
probability and it is not affected by the phonon energy of the host.
Fig. 4 shows the variation of AT with the variation of x in Sm3þ

doped zinc-phosphate glass matrices. The magnitude of branching
ratios (β) of the four emission transitions, 4G5/2-

6H5/2,
6G5/2-

6H7/2, 4G5/2-
6H9/2 and 4G5/2-

6H11/2 of Sm3þ doped zinc-
phosphate glass matrices are estimated. For these transitions, the
branching ratio values are in the range 0.216–0.237, 0.375–0.396,
0.230–0.261, 0.090–0.098 respectively. Table 4 shows electric



Table 4
Energy of the transitions (ν) (cm�1), electric dipole linestrengths (Sed�10�22/e2)
(cm2), radiative transition probabilities (Ared) (s�1), branching ratios (β) of 4G5/2

level of Sm3þ in zinc-phosphate glass matrix (x¼5 mol%).

SLJ-S′L′J′ ν Sed Arad β

4G5/2-
6F11/2 6585 0 0 0

4G5/2-
6F9/2 7903 0.46 1.1 0.003

4G5/2-
6F7/2 9059 0.84 3.1 0.008

4G5/2-
6F5/2 9937 1.76 8.5 0.021

4G5/2-
6F3/2 10,460 0.17 1 0.002

4G5/2-
6F1/2 10,714 0 0 0

4G5/2-
6H15/2 10,877 0 0 0

4G5/2-
6H13/2 11,982 0.65 5.5 0.014

4G5/2-
6H11/2 13,520 3.21 39.2 0.098

4G5/2-
6H9/2 14,846 5.69 92 0.23

4G5/2-
6H7/2 16,052 7.58 155 0.387

4G5/2-
6H5/2 17,086 3.85 94.9 0.237

Total radiative transition probability AT¼400.3 s�1, radiative lifetimes τR¼
2498.13 μs.

Fig. 6. Variation of emission intensity with x in Sm3þ doped zinc-phosphate
glasses.
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dipole line strengths (Sed), radiative transition properties (Arad) and
branching ratios (β) of some emission states of Sm3þ doped zinc-
phosphate glass matrices (x¼5 mol%).

3.4. Emission spectra and emission cross-section

The emission spectra of Sm3þ doped zinc phosphate glass
matrices recorded at room temperature in the wavelength region
500–700 nm under the excitation wavelength 400 nm are shown
in Fig. 5. The emission spectra have exhibited four transitions,
which are assigned to 4G5/2-

6H5/2 (564 nm), 4G5/2-
6H7/2

(600 nm), 4G5/2-
6H9/2 (646 nm) and 4G5/2-

6H11/2 (703 nm). The
spectral profiles of these emission bands are similar except in their
full width at half maxima (FWHM) for all zinc-phosphate glass
samples studied. The transition 4G5/2-

6H7/2 with ΔJ¼71 is a
magnetic dipole (MD) allowed one but it is also electric dipole (ED)
dominated, the other transition 4G5/2-

6H9/2 is purely electric di-
pole (ED) one [39]. Generally, the intensity ratio of ED to MD
transitions has been used to measure the symmetry of the local
Fig. 5. Luminescence spectra of Sm3þ doped
environment of the trivalent 4f ions. The greater the intensity of
the ED transition, more dominant the asymmetry nature [34]. In
the present work, it is observed that the emission transition,
4G5/2-

6H5/2 (MD) of Sm3þ ions is more intense than 4G5/2-
6H9/2

(ED) transition specifying the symmetric nature of the glass host.
The emission intensities of the four transitions decreased as the
zinc-phosphate glasses. (λexc¼400 nm).
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ZnO content increased from x¼5 mol% to 15 mol%, but for 20 mol%
of ZnO there is a slight increase in the emission intensity is ob-
served. While for 25 mol% a sudden fall in intensity is noticed
when compared to all the ZnO contents studied. Variation of four
emission intensities of four peaks with x is shown in Fig. 6. It is
known that intrinsic structure defects such as anion vacancies and
non-bridging oxygen in phosphate glasses lowers the energy
transfer efficiency from the host glass to the emission centers
which lowers the emitted light [40]. The peak stimulated emission
cross-section (s) is obtained from [38]

σ
λ

π λ
=

Δcn
A

8 (8)
p

P

eff
rad

4

2

where λp is the peak wavelength and Δλeff is the effective line
width of the emission band. Due to asymmetry of the fluorescence
bands, the effective line width was determined by integrating
fluorescence spectral intensity divided by peak intensity. The
evaluated peak stimulated cross-sections (sp) for the four transi-
tions are presented in Table 5. Among four transitions,
4G5/2-

6H7/2 transition found to have higher emission cross-sec-
tion for all zinc-phosphate glass matrices. It is observed that at
x¼25 mol% glass shows higher emission cross-section and at
x¼10 mol% glass matrices shows lower emission cross-section
for the four transitions. From the emission spectra, the branching
ratios are determined by measuring the area of the corresponding
emission band and dividing by the total integrated area of all the
emission bands. These experimental and calculated (from the
Judd–Ofelt method) branching ratios (β) are presented in Table 5.

3.5. Fluorescence decay lifetime measurement

The decay profiles of the fluorescence from the 4G5/2 level of
Sm3þ doped zinc phosphate glasses has been measured at room
temperature under the excitation wavelength of 400 nm. The ex-
perimental lifetimes are estimated by taking the first e-folding
times of the decay profiles. It is interesting to note that the decay
traces are non-exponential behavior which may be due to higher
concentration of Sm3þ ions (1 mol%). The nature of non-ex-
ponential behavior of Sm3þ doped zinc phosphate glasses can be
analyzed by fitting to the Inokuti–Hirayama (IH) model [41]. Ac-
cording to IH model, the fluorescence decay intensity (I) is given by

⎧
⎨⎪
⎩⎪

⎛
⎝⎜

⎞
⎠⎟

⎫
⎬⎪
⎭⎪τ τ

= − −I t I
t

Q
t

( ) exp
(9)

S

0
0 0

3/

where t is the time after excitation, τ0 is the intrinsic decay time of
the donors in the absence of acceptors. The value of S (¼6, 8 or 10)
depends on whether the dominant mechanism of the interaction
is dipole–dipole, dipole–quadrupole or quadrupole–quadrupole,
respectively. The energy transfer parameter Q is defined as

⎛
⎝⎜

⎞
⎠⎟

π Γ= −Q
S

N R
4
3

1
3

(10)0 0
3

As can be seen from Eq. (10), Q depends on type of the me-
chanism S and the concentration of acceptors N0, which is almost
equal to the total concentration of lanthanide ions, and R0 is the
critical distance defined as a donor–acceptor separation for which
the rate of energy transfer to the acceptors is equal to the rate of
intrinsic decay of the donor.

In the present work, the decay curves are fitted to Eq. (9) for
S¼6 and are shown in Fig. 7 for all zinc phosphate glasses, re-
spectively, indicating that the dominant interaction for energy
transfer through cross-relaxation of Sm3þ ions is of dipole–dipole
type. The possible energy transfer processes among the excited
Sm3þ ions through cross relaxation channels are shown in Fig. 8.



Fig. 7. Decay profiles of Sm3þ doped zinc phosphate glasses. (λexc¼400 nm).
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The magnitude of measured lifetimes (τexp) and energy transfer
parameters (Q) from the analysis of non-exponential decay curves
decreased with the increased concentration of ZnO (10–25 mol%)
in phosphate glasses (shown in Fig. 9), indicating that τexp and Q
are strongly dependent on glass composition even though con-
centration of Sm3þ is higher. The measured lifetime (τexp) can be
expressed as [39]

τ τ
= + +W W

1 1

(11)rad
MPR ET

exp
Fig. 8. Partial energy level diagram of Sm3þ showing excitation, em
where τexp and τrad are experimental and calculated radiative
lifetime (resulting from Judd–Ofelt theory) WMPR is the rate of
multiphonon relaxation, WET is rate of energy transfer. But in case
of Sm3þ ions, multiphonon relaxation (MPR) is negligible as there
is a large energy gap of around 7000 cm�1 between the fluor-
escent level 4G5/2 and next lower level. Hence, in the present work,
the energy transfer process among the excited Sm3þ ions through
cross relaxation channels is more prominent which also confirm
from the shortening of the emission lifetime and discrepancy in
between experimental (see Table 3) and calculated lifetimes.
ission and cross relaxation channels in zinc-phosphate glass.



Fig. 9. Variation of measured lifetimes (τexp) and energy transfer parameter (Q)
with x in Sm3þ doped zinc-phosphate glasses.
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4. Conclusion

In summary, the Sm3þ doped zinc-phosphate glass matrices are
prepared by using conventional melt-quench method. These glass
samples were characterized by XRD, Raman, optical absorption,
luminescence and emission decay lifetime measurements. The XRD
patterns confirm the amorphous nature of prepared glass samples
and Raman measurements reveals a network structure of phos-
phate units. The spectral intensities of the observed absorption
bands have been calculated by the application of Judd–Ofelt theory.
The small value of δrms indicates good fitting between experimental
and calculated spectral intensities. Judd–Ofelt intensity parameter,
Ω2 is maximum at x¼25 mol% which suggest the strong covalency
at this glass matrix. The hypersensitive band, 6H5/2-

6F1/2, 6F3/2
clearly resolve into two peaks by stark splitting in zinc-phosphate
glasses and the peak wavelengths of the hypersensitive transition
are the same for different x values except at x¼25 mol%. Hence As;p

is alone responsible for the increase or decrease in Ω2 parameter.
Spontaneous radiative transitions probabilities (A), radiative life-
time (τR), branching ratios (βexp and βcal) and emission cross-sec-
tions (sP) are calculated and discussed. Radiative lifetimes of certain
excited states of Sm3þ are lower at x¼25 mol%. Among four
emission transitions, 4G5/2-

6H7/2 transition has higher branching
ratio and emission cross-section at x¼25 mol%. Hence, the zinc-
phosphate glass matrix with x¼25 mol% is more useful for laser
excitation. The decay curves are found to be non-exponential be-
havior for 1.0 mol% of Sm3þ doped zinc-phosphate glasses is due to
the non-radiative energy transfer among the excited Sm3þ ions.
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