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Abstract

This study conducts an extensive examination of the TeO2-P20s5-Sb203-Zn0O-Sm203 glass
composition, with a central focus on physical, structural, optical, and luminescence properties. The
optical properties of Sm** ions were investigated by the absorption spectrum from the ground state
Hs/2 to various excited states. The absorption spectra clearly revealed seven bands, with peaks at 972
nm, 1073 nm, 1222 nm, 1365 nm, 1468 nm, 1520 nm, and 1586 nm. These bands correspond to
changes that correspond to energy levels °Fi12, *Fon, °F12, *Fsi2, SF32, *Hisi2, and ®F1.2, respectively.
Examining the luminescence properties of the glass appears a luminescence spectra characterized by
four prominent peaks. These peaks are distinctly attributed to the *Gs> — °H; transitions, where s
assumes values of 5/2, 7/2, 9/2, and 11/2, manifesting at wavelengths of 566 nm, 602 nm, 649 nm, and
708 nm, respectively. An interesting finding was the incorporation of Sm203 doped into the glass
matrix at a concentration of 1 mol%, which produced an interesting quenching effect in the
luminescence spectra. This quenching effect assumes paramount significance and catalyzes a
comprehensive exploration of the Judd-Ofelt values. The values obtained through this analysis are
pivotal in evaluating the potential of this glass composition for laser applications.
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Introduction

In recent years, the exploration of novel materials

for diverse technological applications has
considerable attention in the scientific community.
Glass compositions, owing to their unique

combination of physical, structural, and optical
properties, have emerged as promising candidates
for various technological advancements. Among
these, the TeO,-P205-Sby03-ZnO-Sm,03 glass
system stands out as a subject of intensive
investigation, it offers many properties that make it
attractive for applications in areas such as photonics
and laser technology. This study examines TeO-
P,05-Sb,03-ZnO-Sm,03  glasses, where each
element is crucial in crafting a material with
synergistic advantages. TeO, and P,Os provide the
foundation, forming a robust glass matrix with
excellent chemical stability and low phonon energy
(Lesniak et al., 2019). Sb,03, acting as a network
modifier, reduces moisture in glass (Zhang et al.,
2008). ZnO improves the glass-forming ability and
reduces the crystallization rates of the glass network
(Rammabh et al., 2020). Then began to investigate
the optical behavior of Sm3" ions within this glass
matrix, employing the absorption spectrum as our
investigative tool. By checking the absorption
bands, we aim to shed light on the energy level
transitions within the Sm*" ions, which will emerge
to provide a deeper understanding of its excited state
configurations. Additionally, further studies are
being conducted on the fluorescence of these
glasses. Each point describes a change in the energy
level of the samarium and is considered a unique
change within *Gs, — °Hs. This detailed analysis
provides insight into the complex luminescence
produced by Sm*" ions within the glass matrix. All
these results will hopefully increase the potential of
glass for various laser applications.

This research aims to examine glass: TeO»-
P»05-Sby03-ZnO-Sm,03 to help understand the
basics of material behavior and lead to possible uses
in laser technology as well. This will be elucidated
by optical and fluorescence characteristics. Along
with investigating the quenching results and Judd-
Ofelt values, the composition of this glass is known,
and trends are considered for advances in laser
technology and other photonic applications.

Experimental Details

Glass samples for this investigation were fabricated
through the melt quenching technique,
comprehensive a range of compositions denoted by
the formula (40-x)TeO,-30P,05-10Sb,03-20Zn0O-
xSm,03, where x range from 0.0 to 2.0 mol% which

gave the glass formula the name PTeSm. The
materials TeO,, P,O, Sb,03, ZnO, and Sm,O3 were
weighed and blended in six distinct 10-gram batches
and thoroughly stirred in crucibles to achieve
homogeneity. Subsequently, the resulting powder
was placed in crucibles, heated to 1000°C for 30
minutes using an electric furnace, and then poured
into preheated graphite molds, where it was
annealed for 3 hours at 300°C. Following this
process, each sample was precisely cut into
dimensions of 1.0 x 1.5 x 0.3 cm?, a comprehensive
investigation of various properties. The density (p)
of the samples was determined using a densitometer
(model AND HR-200) by weighing the specimens.
A Presidium Refractive Index Meter I measured the
refractive index (n). The typical of samples were
measured by X-ray diffraction (XRD) analysis
employing a  Rigaku  SmartLab  X-ray
Diffractometer. The vibrational states of the
currently available phosphor-tellurite glasses were
investigated using the Fourier Transform Infrared
Spectra (FTIR) technique with a Nicolet™ iS™5
FTIR spectrophotometer. UV-Vis-NIR absorption
spectra were measured using a UV-3600 Shimadzu
UV-VIS-NIR spectrophotometer. Additionally,
excitation, emission, and lifetime spectra were
measured by the Agilent Cary Eclipse fluorescence
spectrometer.

Results and Discussion

Physical properties

The measured physical properties (density,
molar volume, and refractive index) of PTeSm0.0,
PTeSm0.1 PTeSmO0.5, PTeSm1.0, PTeSm1.5, and
PTeSm2.0 glasses are depicted in Figure 1. The
observed trends are an increase in density and
refractive index, values of density are 4.143, 4.155,
4.165,4.171, 4.174, and 4.189 g/cm?, and values of
refractive index are 1.735, 1.739, 1.744, 1.754,
1.757, and 1.763, respectively, with an elevated
concentration of Sm>0O3. This upward trend can be
elucidated by the rise of non-bridging oxygen
species (Muhammad Noorazlan et al., 2013). The
larger bond length and ionic radii of Sm>O3, when
compared to TeO, and P,Os, increase the molar
volume. Consequently, there is a general rise in
molar volume values, values of density are 36.65,
36.59, 36.68, 36.86, 37.06, and 37.15 cm?®/mol, as
the concentration of Sm,Oj3 increases. This suggests
the substitution of TeO, and P,Os by Sm,0O3 in the
glasses, emphasizing the structural modifications
induced by the varying concentrations of Sm>Os3 in
the glass matrix (Cetinkaya Colak, 2023).
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Figure 1. Physical properties of PTeSm glasses

Structural properties

X-ray diffraction (XRD) analysis was
performed to determine the characteristics of the
samples. Figure 2 displays the XRD measurements
of PTeSm0.0, PTeSm0.1 PTeSmO0.5, PTeSm]1.0,
PTeSm1.5, and PTeSm2.0 sample, corroborating
the amorphous nature observed consistently across
all samples. The X-ray pattern shows a broad peak,
and  low-angle scattering  (approximately
28 degrees), indicating the widespread nature of the
amorphous (Bhemarajam et al., 2024), Notably, no
discernible peaks associated with a crystalline phase
are evident. The absence of well-defined crystal
peaks and the presence of a broad diffuse scattering
pattern collectively confirm the formation of a non-
crystalline solid structure.
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Figure 2. XRD pattern of PTeSm glass

The FTIR spectra of PTeSm0.0, PTeSmO0.1
PTeSm0.5, PTeSm1.0, PTeSm1.5, and PTeSm2.0
glasses were measured between 400 and 3500 cm™,
depicted in Figure 3, where distinct transmission
peaks were observed at specific wavenumbers,
including 501, 625, 1626, and 2500-3500 cm™!. The
corresponding assignments of these bands are
outlined in Table 1. The vibration band centered at
501 cm! is related to the vibrational bending of
0=P-O0 linkages (Kuczek et al., 2019). At 625 cm™,
a Te-O symmetric stretching vibration mode from
TeOs is identified, which corresponds to a P-O-P
bending vibration mode (oxygen atom linkage,

BOs) (Elisa ef al., 2020). The band approximately
around 905 cm! is attributed to mode the of P-O-P
that presents with asymmetry stretching vibration
(Elisa et al., 2020). Additionally, the bands around
1626 cm™ and 2500-3500 cm™ are related to various
vibrations of O-H bonds (Selvi et al., 2017),
characteristic of phosphate glass with hygroscopic
behavior, leading to O—H bond vibrations.
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Figure 3. FTIR transmittance spectra of PTeSm

Table 1. Assignments of FTIR band

Band p(fls ition Assignments Reference
(em™)
501 bending vibration of  (Kuczek et al.,
0O=P-O linkages 2019)
The Te-O
symmetrical
stretching vibration
625 mode originates (Elisa et al.,
from TeO,, and it 2020)
overlaps with the P-
O-P bending
vibration mode.
asymmetric .
905 stretching vibration (El;sgz%t)al.,
mode of P-O-P
1626, 2500- vibrations of O—-H (Selvi et al.,
3500 bonds 2017)

Figure 4 shows the Raman spectrum of
PTeSm0.0, PTeSm0.1 PTeSm0.5, PTeSml.0,
PTeSml1.5, and PTeSm2.0 glasses, where the
observed Raman bands indicate vibrational
characteristics associated with the glass hosts,
which are tellurite and phosphate. The specific
Raman features for PTeSm glasses are defined and
detailed in Table 2. Notably, the band around 601
cm! is linked to anti-symmetrical stretching of the
continuous network comprised of TeOjs tetrahedral
building blocks (Suzuki et al., 2011). Furthermore,
the Raman band at 747 cm! is reported for the Te-
O™ and Te=0 band of stretching vibrations mode,
involving non-bridging oxygen in both TeO3 and
TeOs+1 polyhedral. An evident and violent band
appears at 1067 cm’! relates to O-P-O the symmetry
vibration mode.
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Figure 4. Raman spectra of PTeSm glasses

Table 2.  Assignments of Raman band
Band p({lsmon Assignments Reference
(cm™)
anti-symmetrical
601 stretching of TeOa (Duan et al.,
tetrahedral building 2013)
blocks
for the Te-O and
Te=O band of
stretching \_/1brat19ns (Duan et dl.,
747 mode, involving
S 2013)
non-bridging oxygen
in both TeO; and
TeO;.; polyhedral
1067 O-P-O the symmetry  (Murugan et al.,
vibration mode 2005)
Optical properties

The investigation of the absorption spectra
between 350 and 1800 nm was conducted for
PTeSm0.0, PTeSm0.1 PTeSm0.5, PTeSml.0,
PTeSm1.5, and PTeSm2.0 glasses doped Sm>" ions.
Figure 5 presents the UV-VIS-NIR absorption
spectrum for varying Sm’" ions concentrations.
Each absorption spectrum revealed nine distinct
bands at 402, 439, and 475 (visible range), and 946,
1086, 1239, 1381, 1483, and 1533 nm (NIR range).
These bands correspond to transitions *Hsp — P32,
*Lisi, *Liiz2 (visible range), and Fii2, o2, 72, 572, and 32
and °Hjsp (NIR range), respectively. The
assignment of absorption peaks followed the
principles outlined in Carnall et al.’s paper (Carnall
et al., 1968). Notably, with an increase in samarium
concentration, each absorbance peak exhibited an
elevation following the Beer-Lambert law. Due to
the shielding effect on the 4f electrons that filled 5s
and 5p shells’, the NIR region displayed prominent
peak intensities. Known for its hypersensitivity, the
transition from ®Hs), to °F7» showed the maximum
intensity and met the selection criteria (AS) = 0 and
(AJ = 0) (Ramteke et al., 2017).
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Figure 5. The absorbance spectra of PTeSm glass

Luminescence properties

The PTeSm0.1 PTeSmO0.5, PTeSml.0,
PTeSm1.5, and PTeSm2.0 glasses’ excitation
spectra, which were captured at 350-500 nm while
the emission wavelength was being observed at 598
nm, are shown in Figure 6. The wavelength at 362,
374,402,415, 439, 464, and 472 nm, seven different
excitation bands are visible. These correspond to the
transitions °Hs, — D3y, *P712, “F72, (°P, *P)ss2, “l1s12,
13, and “I11, respectively (Mahamuda et al.,
2014). The highest powerful transition is °Hs, —
4F;,, at 402 nm, which will be used excitation source
to measure the emission peak in all glasses. The
emission peak of PTeSm glasses measured at 402
nm is shown in Figure 7. These spectra show three
distinct color bands at 563, 598, and (645, 707) nm,
which involve the energy of the transitions *Gsp —
®Hsy, (greenish-yellow), ®Hy, (reddish-orange), and
(°Hop, ©Hiip) (intense reddish), respectively
(Mahamuda et al, 2014). A concentration
quenching effect is represented by the following
drop in intensity of all emission bands after reaching
a concentration of 1.00 mol% of Sm>* ions. Cross-
relaxation energy transfer is thought to be caused by
the decrease in inter-ionic distances that occurs
when the concentration of Sm>" ions rises, both
between Sm*" ions and host defects. Donor and
acceptor ions receive a transfer of energy, which
causes them to enter a metastable state. Among the
four bands, the emission at 598 nm, which
corresponds to the transition “Gsp — °Hyp, is the
most noticeable. While *Gs, — ®Hop and °Hyy, are
exclusively electric dipoles (AJ<6), the transitions
4Gsn — SHsp and *Gs;, — ®Hyj, are magnetic dipoles
(AJ=0, £1) (Rani et al., 2019). Then, both processes
are described with an energy diagram level in
Figure 8.
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Figure 6. Excitation spectra of PTeSm glasses
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Experimental lifetime values for excited states
are widely recognized as important because they are
crucial in calculating radiative and non-radiative
decay rates in luminescence materials. Variations in
local crystal symmetry exert a complex influence on
the radiative decay rates at rare earth (RE) ion
locations (Sharma et al., 2018). Relaxation of multi-
phonon and Energy transfer that occur during the
de-excitation process are factors that contribute to
non-radiative decay. Such a non-radiative decay
process emits the energy difference between energy
levels not in the form of light but in the form of heat.
For this purpose, photoluminescence (PL) decay

measurements for the *Gs, fluorescence of Sm**
ions in PTeSm glasses at the excitation wavelength
(402 nm) are presented in Figure 9. A rise in the
concentration of Sm»O; causes the interatomic
length between Sm*" ions to decrease, which results
in an uneven dispersion of Sm>" ions across the glass
network. Clusters or aggregations form in the host
glass’s immediate surroundings as a result of this
non-uniform scattering. Energy is thus transferred
between Sm’®" ions centers via resonant energy
transfer and cross-relaxations (Rani et al., 2019).
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Figure 9. Luminescence decay curves of the PTeSm
glass

The CIE 1931 approach was used to assess the
color shined by samarium-doped PTeSmo0.1
PTeSmO0.5, PTeSm1.0, PTeSm1.5, and PTeSm2.0
glasses. Under excitation at 402 nm, the
photoluminescence (PL) spectra of samarium-doped
PTeSmO0.1 PTeSm0.5, PTeSm1.0, PTeSml.5, and
PTeSm2.0 glasses show four different areas. Among
the four, the orange area is the most prominent and
has the maximum intensity. The diagram of CIE 1931
for samarium-doped PTeSm1.0 glasses is depicted in
Figure 10. The values of (0.591, 0.408) are the CIE
coordinates (x, y). This discovery indicates that the
PTeSm1.0 glasses are quite appropriate for
applications, notably in the orange area, under
excitation (wavelength at 402 nm), which makes
them extremely interesting for laser applications.

CIE1931 diagram chromatic coordinates

520

80
* PTeSm1.0 = (0.591, 0.408)

0.C

0.0 0.1 0.3

0.4 0.5 .6 X 0.8
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Figure 10. Diagram of CIE 1931
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When evaluating the intensity of f-f transitions
in rare-earth (RE) ions, oscillator strength values are
typically characterized. The strength of the
absorption transitions in each matrix was
ascertained by determining the experiment
oscillator strength (fexp). Using a formula from the
literature (Devi et al., 2019), these values were
computed from the area under the absorption spectra
and the results are presented in Table 3. The
experiment oscillator strength (fexp) squared reduced
matrix elements, and least squares analysis is used
to estimate the JO intensity parameter, which yields
the computed oscillator strength. Using a formula
from the literature (Devi et al., 2019), the
corresponding computed oscillator strengths are
listed in Table 3.

Table 3. The allocation of absorption bands, along
with oscillator strengths experiment (fexp)
(10°%) and calculated (fcar) (10-°), along with
the root mean square (r.m.s) of PTeSm

glasses.

Transition *Hs;, fexp (% 10°) fear (X 10°)
3Py, 1.7319 1.4316
Tisn 0.0632 0.0248
T 0.7854 0.0603
F1n 0.1561 0.1465
®Fyp, 0.9479 0.8976
SFy 1.2661 13125
5Fs, 0.6769 0.7155
%F3, 0.3967 0.3880
°His, 0.2882 0.0074

Rms = 0.279

It plays a crucial part in figuring out the
structures, bonding, and transition probabilities of
the RE ions in the host glass. The symmetry
surrounding the RE ions is presented by changes in
Q,, and this symmetry is well known to be sensitive
to structural alterations in the glass matrix.
Conversely, Q4 and Qs convey the general
characteristics of the glass, including its hardness,
basicity, viscosity, and vibronic transition near RE
ions (Jamalaiah er al., 2009; Lakshminarayana
et al., 2017). All glasses under examination show a

Table 4.

similar trend in the JO intensity parameters, with Q4
> Qs > Q) greater stiffness, improved viscosity, and
a greater ionic character indicated by higher values
of Q4 and Q¢. On the other hand, smaller values of
Q, indicate the lowering of covalency between the
Sm3* ions and ligand ions. This thorough
examination emphasizes how important JO intensity
parameters are for understanding the structural,
bonding, and transition probability properties of
samarium in the matrix of host glass.

Table 4. A comparative analysis involves
examining the Judd Ofelt intensity parameters Qo,
Q4, and Q¢ (expressed in 102 m?) of PTeSm1.0
glasses alongside the corresponding values reported
for samarium in other studies.

Equations found in the literature
(Lakshminarayana et al., 2017) were used to
calculate the properties of the radiative for the
observed emission transitions of samarium in
PTeSm glasses. These properties included total
radiative transition rates (At) (Agr), radiative
transition probability, radiative lifetime (tr), and
branching ratio (Br). Table 5 displays the computed
values that were obtained. Examining Table 5’s data
in detail reveals that the transition *Gs;, — Hy,, has
greater Ar values than other emission transitions.
Furthermore, by establishing correlations between
absorption and emission spectral data, important
spectroscopic properties were computed for the
excited states (*Hsp, 72, 92, and 1112): these included
effective bandwidths (Alerr), branching ratio of
experimental (Bexp), and emission cross-sections ().
Table 6 presents the data comprehensively. The o
values serve as indicators of the rate at which energy
is produced with the lasing material and provide
important insights into the material’s potential laser
performance. Additionally, the branching ratio (Br),
a crucial laser construction parameter, was
evaluated. The examination of the characteristics
and the related values presented in Table 6 lead to
the conclusion that the most notable transition is
4Gs;, — ®Hyp is the most prominent, followed by
®Hop, ®Hsp, and ®Hiin. Looking at the branching
ratio, it was discovered that the experimental value

A comparative analysis involves examining the Judd Ofelt intensity parameters Q2, Q4, and Qs

(expressed in 102 m?) of PTeSm1.0 glasses alongside the corresponding values reported for

samarium in other studies

JO parameter

Glass code Trends
Q, (x 102) Q4 (x 1072 Qg (x 1072%)
PTeSm1.0 (present) 0.27 1.15 0.90 Q4> Q6> Q
TeWLiSm (Sailaja et al., 2015) 0.19 2.81 2.78 Qs> Q6>
NBZPSmO5 (Prasad et al., 2015) 0.11 4.44 4.10 Qs> Q>0
LBTAF (Jamalaiah et al., 2009) 0.27 2.52 247 Qs> Q6>
ZILNBSm (Devi et al., 2019) 013 3.18 2.67 Q> 06>y
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Table 5. Transition probabilities (Ar) (s), branching ratio (Br), and radiative lifetimes (tR) (ms) of
PTeSm1.0 glasses
T:z(l;nsition A, Ax from JO(s™) Br TR
52— (nm) Exp Cal from J-O (ms)
Hs), 563 23.58 0.1495 0.1542
*Hy 598 67.38 0.5344 0.4406 0.153
*Hop 644 27.69 0.2827 0.1811 '
*Hiip 707 13.31 0.0333 0.087
Table 6. The characteristics of emission, including emission wavelength (Ap) (in nm), effective bandwidths
(Akp) (in nm), stimulated emission cross-sections (¢) (multiplied by 10-?%) (in cm?), gain bandwidth
(o x A)p) (multiplied by 10-2%) (in cm?), and optical gain parameters (¢ x Tr) (multiplied by 10-%)
(in cm?s), have been systematically investigated for the emission transitions within PTeSm1.0
glasses
Transition Ap ALP o (x 10-23) o X Ahp o X TR
‘Gsp — (nm) (nm) (em’) (107%) (em’) (10%) (em™)
*Hsp 563 141.33 0.72 1.02 11.05
°Hyp 598 162.15 2.28 3.69 34.81
*Hop 644 177.98 1.15 2.05 17.65
*Hii 707 251.12 0.56 1.42 8.64

is greater than that of JO and greater than 0.5, which
is a good result for consideration as a laser medium
material. This was discovered by comparing the
experimental values with the values estimated from
JO However, because of the influence of peaks other
than those displayed, the values derived from JO
computations do not equal 1. This is the same reason
why the JO calculation is not equal to the
experimental.

Conclusion

In this comprehensive study, the investigation of
Smy0s3-doped TeO»-P,0s-Sby03-ZnO  glass  has
provided valuable insights into its physical,
structural, optical, luminescence, and Judd Ofelt
properties. The physical properties, exhibited
consistent trends, showing a discernible increase
with the rising concentration of samarium. This
observation suggests a direct correlation between
the incorporation of samarium and the alteration of
the glass’s physical characteristics. Structural
analysis using X-ray diffraction (XRD) confirmed
typical of glass that is an amorphous structure, while
Fourier-transform infrared spectroscopy (FTIR) and
Raman spectroscopy revealed a matrix composition
comprising phosphate and tellurite components.
This structural insight is crucial for understanding
the fundamental nature of the glass, providing a
foundation for its optical and luminescent
behaviors. Examining the optical properties, the
absorption spectra revealed a discernable range
within the visible and near-infrared (NIR) regions,
with peak intensities following to the Beer-Lambert

law. This indicates the potential utility of the glass
for optical applications, particularly in the
development of lasers. Luminescence studies
further emphasized the favorable characteristics of
the glass, with the maximum intensity observed at
1.00 mol% samarium concentration. The emission
spectra were leveraged to calculate CIE 1931 color
coordinates, revealing an orange light emission, and
emphasizing the glass’s suitability for specific
applications. The Judd Ofelt analysis yielded
insightful results, particularly noting that while the
Q, parameter was comparatively lower than other
lanthanides, it was the highest in the case of
samarium. This suggests a unique spectroscopic
behavior, highlighting the distinctive role of
samarium in influencing the glass’s optical
properties. In synthesis, the amalgamation of
phospho-tellurite, antimony, zinc, and samarium in
the glass matrix demonstrates promising
characteristics, making it a compelling candidate for
the development of laser applications. The
culmination of physical, structural, optical,
luminescence, and Judd Ofelt analyses underscores
the potential of this glass composition, offering
avenues for further exploration in the realm of
advanced optical materials and laser technology.
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