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um substitution on the physical,
thermal, optical and luminescence properties of
Sm3+-doped metaphosphate glasses for reddish
orange light applications

Hounaida Mrabet,*a Ismail Khattech,a Souhir Bouzidi,b Lilia Kechiche,c A. Jbeli,d

Nuha Al Harbi,e Chaker Bouzidi,f Francisco Muñozg and Rolindes Baldahi

Our present study focuses on examining the thermal, structural and luminescent characteristics of sodium

barium metaphosphate glasses doped with Sm3+. Glass samples with molar compositions (100 − y)

[(50P2O5)–(50-xNa2O)–(xBaO)]–ySm2O3, where x = 20, 25, 30, 35, 40 and y = 0.3 and 1% were first

synthesized by conventional melt quenching and later dehydroxylated under a constant N2 flow to

ensure final glasses with a very high degree of chemical and optical homogeneity and free of water.

Upon the addition of BaO and Sm2O3, refractive index, molar mass, density, glass transition temperature

and dilatometric softening temperature exhibited an increase, whereas the coefficient of thermal

expansion showed a decrease. The FTIR spectra analysis reveals a network depolymerization that

intensifies with rising BaO concentration, ultimately transitioning from a modifier oxide to a glass-

forming element, at higher BaO concentrations. All doped samples exhibited prominent absorption

bands in the visible (VIS) and near-infrared (NIR) regions, as revealed by the optical absorption spectra.

The Na2O modifier demonstrated greater influence on Sm3+ emission compared to BaO, a phenomenon

that can explained by the moderation of the local ligand field strength resulting from this substitution.

With an increase in Sm2O3 concentration from 0.3 to 1 mol%, the experimental lifetimes of the 4G5/2

level decrease, primarily attributed to the presence of energy transfer mechanisms. A discussion of

Judd–Ofelt parameter analysis and glass radiation properties will be presented.
1. Introduction

Nowadays, optical materials based on trivalent lanthanide ions
are being widely applied in various technological applications
such as photonic displays, communications devices, laser
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materials, hole burning high-density memories, optical storage,
etc.1–6 Therefore, the special features of glassy matrices, such as
low production cost, better thermal stability, mechanical
strength, and chemical durability, make them more suitable as
host materials than crystalline compounds. Phosphate-based
glasses are recognized as signicant materials in certain
applications due to their favorable characteristics, including
high solubility for rare-earth ions with minimal clustering
effects, low melting temperature, low glass transition temper-
ature, high thermal expansion coefficient, and biocompati-
bility.7,8 Based on previous investigations,9 the addition of
barium oxide to phosphate glasses enhances thermal stability,
the ability to form glass structures, and chemical resistance. It
also reduces thermal expansion and phonon frequencies,
thereby improving the internal quantum efficiency of lumi-
nescent materials. Barium-containing glass has been around
since the earliest days of glass science, with a number of
important applications such as its relevancy for making:
materials to adapt optical properties, gamma ray shielding
materials, barrier of plasma display ribs,10 sulphate-bearing
high level liquid waste,11 and gamma ray shielding.12,13

Barium phosphates, whether in crystalline or glassy form, are
© 2024 The Author(s). Published by the Royal Society of Chemistry
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signicant in photonic applications when doped with rare-earth
or transition metal ions. Additionally, the addition of small
quantities of barium oxide or barium sulfate to the composition
of bioactive materials imparts radio-opacity to the implants.11

RE3+ ions doped phosphate glasses were used in optical bres,14

vitrication of radio-active waste,15 tissue engineering16 and
many other applications. The Sm3+ ion is well suited for doping
due of their excited energy level 4G5/2 level which shows greater
quantum efficiency with various quenching emission chan-
nels,17 and presents strong reddish-orange emission, owns
sufficient energy to provoke photodynamic reaction. The
reddish light region is highly effective at penetrating human
tissue 50 to 200% more deeply than blue or green light.
Therefore, glasses doped with Sm3+ ions could nd applications
in high-power laser sources emitting reddish-orange light for
the treatment of cancer. Additionally, the effective energy gap of
Sm3+-doped glass at 560 nm has various applications in daytime
running lights and traffic signals. Consequently, the Sm3+ ion
was chosen as the doping element for the current work.
Recently, Naick et al. investigated the optical absorption spectra
of trivalent samarium ions doped phosphate glasses with Li2O,
MgO, CaO, SrO and BaO as modiers for visible orange-red
photonic domains.18 Several researchers have explored
different optical absorption analysis of phosphate and sulfo-
phosphate glasses doped with Sm3+ ions.19 It has been observed
that within these glass matrices, there is a conversion of oxygen
atoms from bridging to non-bridging positions. Hence, in this
present work, we prepared Na2O–BaO–P2O5 glasses doped with
0.3 and 1.0 mol% Sm2O3 by conventional melt quenching
synthetic method. In glass compositions featuring network
modier ions with low eld strength, an intriguing phenom-
enon emerges: the uorescence lifetime of doped rare earth
ions experiences a substantial enhancement as the concentra-
tion of network modiers increases in both alkali and alkaline
earth glasses.20–22 This phenomenon underscores the pivotal
role of the network modier in inuencing the optical behavior
of rare earth-doped glasses. In our investigation, we specically
target the inuence of BaO on the physical and optical attri-
butes of glasses. Our primary focus lies in exploring the coor-
dination dynamics between high eld strength Na+ and Ba2+

cations within glass networks. Understanding the impact of
these two modiers on the phosphate network is crucial as the
spectroscopic properties of rare earth ions heavily rely on their
local environment. Thus, altering the Sm3+ ions sites within the
glass matrix could potentially intensify their emission. Through
this exploration, we aim to uncover fundamental principles that
not only enhance our comprehension of material properties but
also offer potential insights for optimizing the optical charac-
teristics, particularly in the context of reddish-orange laser
applications.

2. Materials and methods

Glasses with composition (1 − y)((50 − x)Na2O–xBaO–50P2O5)–
ySm2O3, in mol% with x = 20, 25, 30, 35, 40 and y = 0.3 and 1,
were obtained by melt and quenching from batches synthesized
by mixing reagent grade chemicals, Na2CO3, BaCO3,
© 2024 The Author(s). Published by the Royal Society of Chemistry
(NH4)2HPO4, and Sm2O3. In the rst step, the batches were
placed in porcelaine crucibles and slowly calcined overnight up
to 450 °C. Then, they were melted for 2 h at temperatures of
900–1100 °C depending on the composition. A second melting
of each glass was performed to obtain homogeneous and
dehydroxylated glasses. This last was performed on about 5 g of
each original glass in a graphite crucible, using a constant
nitrogen ow within a tube furnace and, in the present case, at
750 °C for 6 h, following the methodology described in a previ-
ously published procedure in ref. 23.

The FTIR spectra were recorded on PerkinElmer Spectrum
100 spectrometer between 750 and 5000 cm−1 on plane parallel
square samples of about 1 cm2 and between 1 and 2 mm thick.
This analysis was performed to investigate the structural
modications resulting from changes in the glass composition
and to evaluate the hydroxyl groups in the glasses before and
aer re-melting, thereby conrming the efficiency of our glass
synthesis method. The density (r) of the glass compounds was
measured at room temperature using the Archimedes principle,
with ethanol as the immersion liquid. The molar volume (Vm) of
glass samples was calculated dividing the molar mass of each
composition by its density. The dilatometric soening point
(Td), glass transition temperature (Tg), and coefficient of
thermal expansion (CTE) were measured from very small glass
pieces using a differential dilatometer (Netzsch Gerätebau
model 402 EP). Dilatometry measurements were performed in
the temperature range of 20 to 680 °C at a heating rate of 10 °
C min−1. The refractive index (n) was measured at room
temperature using an Abbe refractometer, with monobromo-
naphthalene serving as the contact liquid. The measurements
were performed at a wavelength of 589 nm. The optical
absorption spectra were captured in the ultraviolet, visible, and
near-infrared (UV-Vis-NIR) region spanning from 200 to
2000 nm. A UV-Vis-NIR spectrophotometer (Shimadzu, UV-
3600) was employed for this purpose. The emission spectra
and lifetime were measured with a uorescence spectropho-
tometer FS5, equipped with a 150 W Xenon lamp. Then, the
emission was detected using a Hamamatsu R928P
photomultiplier.

3. Results and discussion

To demonstrate the effectiveness of our glass synthesis method,
we recorded FTIR spectra from 20BaSm1 glass sample before
and aer re-melting in the spectral range of 2600–5000 cm−1, as
shown in Fig. 1(a). It is worth noting that the spectra display
a broad IR absorption band spanning from 2680 to 3400 cm−1,
which is likely attributed to P–O–H stretching vibrations. The
decrease in this signal in the re-melted sample suggests the
breakdown and disruption of hydroxyl groups in the glass.
Moreover, in the range of 3450 to 3650 cm−1, the OH stretching
mode undergoes a substantial reduction upon re-melting the
glass in a nitrogen (N2) atmosphere. This observation further
indicates a signicant decrease in the water content of the
glasses due to the thermal treatment under a continuous N2

ow. Based on the FTIR measurements, the absorption coeffi-
cient of hydroxyl ions in the glasses, aOH (cm−1), was evaluated,
RSC Adv., 2024, 14, 2070–2079 | 2071
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Table 1 Absorption coefficient of hydroxyl ions, aOH (cm−1), in the
glasses before and after dehydroxylation

Glass
Density
(g cm−3) Tg (°C) Td (°C)

CTE
(10−6 K−1)

Refractive
index

20BaSm0.3 2.99 310.3 343.0 18.5 1.5275
25BaSm0.3 3.09 326.3 359.5 16.6 1.5379
30BaSm0.3 3.20 334.8 379.6 15.6 1.5465
35BaSm0.3 3.32 360.9 497.6 14.8 1.5589
40BaSm0.3 3.42 374.1 426 14.7 1.5738
20BaSm1 3.03 337.6 354.4 17.0 1.5197
25BaSm1 3.14 352.6 369.4 16.0 1.5429
30BaSm1 3.26 367.1 384.7 15.1 1.5509
35BaSm1 3.35 360.9 497.6 14.8 1.5595
40BaSm1 3.48 374.1 426 14.7 1.5739
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using eqn (1), following the methodology described in ref. 24
and 25.

aOH = −log(T5000/T3000)t (1)

The results obtained were summarized in Table 1. The
results indicate a reduction in the absorption coefficient of OH
ions in the glass samples that underwent re-melting under
a continuous N2 ow at 750 °C for 6 hours. It's important to note
that the dehydroxylation process is thermally activated, as evi-
denced by the consistent decrease in OH content. The dehy-
droxylation method through a second melting under N2 has
proven to be very effective in removing traces of water from the
glasses as shown by the small OH absorption condents at
3000 cm−1.

Examining the FTIR spectra of BaSm-1 glasses within the
750–1350 nm range (Fig. 1(b)) provides valuable insights into
the structural modications resulting in the glass composition
changes. The structural framework is predominantly charac-
terized by the presence of PO4 tetrahedral units, with its
features notably inuenced by the incorporation of BaO into the
glass matrix. Within the spectra, a prominent band appearing
Fig. 1 FTIR spectra of the BaSm-1 glasses.

2072 | RSC Adv., 2024, 14, 2070–2079
around 890 cm−1, indicating the asymmetric stretching vibra-
tion of P–O bonds, nas (P–O–P).26,27 Around 1075 cm−1, another
signicant band arises, though the specic vibrational mode of
vs (P–O–P) of both Q2 and Q1 units.28 The band at approximately
1250 cm−1 is associated with the asymmetric stretching vibra-
tion of P–O–P bonds, nas (P–O–P).26 Between 950 and 1030 cm−1,
multiple shoulders are detected and they were assigned to vs
(PO3

2−) in Q1 units.29 According to the spectral data, an increase
in the BaO content from 20 to 30 mol% results in a higher
proportion of Q2 units at the expense of Q1 units. This can be
conrmed from the increase in the band at 890 cm−1 with the
reduction in the band at 1250 cm−1. These ndings suggest that
the phosphate chain depolymerizes as BaO substitutes Na2O
content. As the barium content continues to increase, an
inverse trend becomes apparent. This indicates that this
element primarily serves as a modier oxide only at relatively
low concentrations, transitioning into a glass-forming element
at higher concentrations. In this context, we are well-positioned
to conduct an effective exploration of the spectroscopic features
of RE elements, specically Sm3+, in response to variations in
the degree of depolymerization and polymerization within the
phosphate matrix.

Physical properties of series A, Na2O–BaO–P2O5-0.3 Sm2O3

(BaSm-0.3) and series B, Na2O–BaO–P2O5-1Sm2O3 (BaSm-1) of
glasses are gathered in Table 2, density, dilatometric soening
temperature, glass transition temperature, coefficient of
thermal expansion and refractive index. The density and
refractive index of the glass samples exhibit an increase as the
BaO content increases. This can be attributed to the higher
molar mass of BaO in comparison to Na2O and the higher
electronic density of Ba2+ ions compared to Na+ ions. In agree-
ment with FTIR analyses, these factors contribute to the
hindrance of light waves passing through the glass samples.11–30

The relationship between the refractive index of the glass and
its density variation with BaO content is governed by the Lor-
entz–Lorentz equation.31 This equation establishes a direct
correlation between the refractive index and density of the
glass.11 The 1 to 2% difference in the values of the physical
properties between the two sets of glasses can be explained by
the mass percentage increase of samarium oxide. Table 2
presents the dilatometric soening temperature (Td), coefficient
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Refractive index, density, glass transition temperature (Tg),
dilatometric softening temperature (Td) and coefficient of thermal
expansion coefficient (CTE)

Glass sample
aOH (cm−1)
As-prepared samples

aOH (cm−1)
Re-melted sample

20BaSm0.3 2.88 0.86
25BaSm0.3 2.53 0.86
30BaSm0.3 2.93 0.91
35BaSm0.3 2.12 0.30
40BaSm0.3 2.76 0.84
20BaSm1 2.47 0.54
25BaSm1 2.61 0.74
30BaSm1 2.94 0.65
35BaSm1 2.75 0.52
40BaSm1 2.84 0.71

Fig. 2 Compositional dependence of glass transition temperature, Tg,
dilatation softening temperature, Td, and the coefficient of thermal
expansion in the glass series A: Na2O–BaO–P2O5–0.3Sm2O3 and in
the glass series B: Na2O–BaO–P2O5–1Sm2O on the BaO content. The
error in the values of Tg and Td is smaller than the symbol size.
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of thermal expansion (CTE) and glass transition temperature
(Tg) values corresponding to different glass compositions. These
data are also graphically illustrated in Fig. 2. Glass transition
temperature of series A rises from 310 to for 374 °C for the
glasses containing between 20 and 40 mol% of BaO and it is
comprised between 337 and 390 °C in series B for similar
contents of BaO. The dilatometric soening temperature
exhibits a similar pattern of variation to that observed in the
glass transition temperature across all the studied glass series.
The coefficient of thermal expansion shows an opposite trend in
the two glass series with a minimum of 14.7 × 10−6 K−1 for the
compositions with 40 mol% BaO. The higher ionic eld
strength of Ba2+ modier ions (0.49) compared to Na+ ones
(0.19) strengthens the glass network through more covalent Ba–
O–P bonds when Na2O is systematically substituted by BaO,
causing the observed increase in the Tg and Td characteristic
temperatures as well as the decrease in the CTE. The addition of
a 1 mol% Sm2O3 instead of 0.3 in glasses of series B produces
a similar effect on the thermal properties though minor
increase in magnitude, with an increment of between 10 to 20 °
C in the Tg values.

The UV-Vis-NIR absorption curves of series A and series B
glasses are plotted in Fig. 3 and 4, respectively. From these
spectra, it is evident that all glass samples exhibit 13 absorption
bands that share the same characteristics, with the exception of
variations in band intensities. Hence, in both series of glasses,
the absorption bands are observed at specic wavelengths: 318,
333, 345, 361, 375, 402, 439, 480, 945, 1079, 1230, 1378, 1483,
1530 and 1589 nm, these bands correspond to transitions from
the ground state 6H5/2 to various excited states, including 4P3/2,
4G9/2,

3H7/2,
4D3/2,5/2,

6P7/2,
4F7/2 + 6P3/2,

4M17/2 + 4G9/2 + 4I9/2,
4M11/2 +

4I11/2,13/2,
6F11/2,

6F9/2,
6F7/2,

6F5/2,
6F3/2,

6H15/2 and
6F1/2,

respectively.25,32 The Judd–Ofelt theory was employed to
examine the spectroscopic properties of the glass samples. This
involved calculating parameters such as the oscillator strength
(f), radiative lifetime, J–O parameters (U2, U4, and U6), radiative
transition possibility (AR), and branching ratio (bR).33 The
calculated oscillator strength (fcal) of an electric dipole–dipole
absorption transition from the initial state (jj) to the nal state
© 2024 The Author(s). Published by the Royal Society of Chemistry
(j′
j′) of depends on three Ul parameters (l = 2, 4 and 6) given

by:34

fcal ¼
�

8pmcv

3hð2J þ 1Þ
�"ðn2 þ 2Þ2

9n

#
�

X
l¼2;4;6

UlðjJkUlkj0J 0Þ2 (2)

where l is the mean wavelength of the observed transition, m is
the electron mass, n the refractive index, c is the light velocity,
Ul the JO parameters, ‖Ul‖2 are the doubly reduced squared
matrix elements of a unit tensor operator, which are considered
from the intermediate coupling approximation for the transi-
tion from jj to j′j′ and (n2 + 2)2/9n is the Lorentz local eld
correction factor. The experimental oscillator strength (fexp) of
RSC Adv., 2024, 14, 2070–2079 | 2073
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Fig. 3 The absorption spectra of series A glasses for (a) all concen-
trations and (b) 25 mol% of BaO and 0.3 mol % of Sm2O3.

Fig. 4 The absorption spectra of series B glasses for (a) all concen-
trations and (b) 25 mol% of BaO and 1 mol% of Sm2O3.
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any absorption transition may be determined by determining
the absorbance of each band as follow:35

fexp = 4.318 × 10−9
Ð
3(v)dv, (3)

Here 3(v) represents the molar absorption coefficient and can be
estimated by Beer–Lambert's equation. Table 3 provides the
experimental and calculated oscillator strengths for electronic
transition observed in the absorption analysis. The reported
values indicate that the oscillator strength values are approxi-
mately similar for most of the bands. This suggests that the
non-symmetric component of the electric eld acting on the
Sm3+ ions in the glasses is nearly identical for the majority of
2074 | RSC Adv., 2024, 14, 2070–2079
the transitions. In addition, the transition from 6H5/2 to 6F9/2
located at 1079 nm with the highest magnitude of fexp and fcal, is
considered as the hypersensitive transition.36 Table 4 lists the
Judd–Ofelt (JO) parameters obtained in this study and compare
them with those reported for Sm3+-doped glass materials. As
seen from Table 4, the magnitude of trends ofUy parameters for
BaSm0.3 glasses follow the order U4 > U6 > U2. In general, the
magnitude of the U2 parameter is inuenced by the local
structure and asymmetry surrounding the RE ions, with
a strong dependence on the covalency between RE3+ ions and
their ligand anions. The values of U4 and U6 are associated with
the viscosity of the glass matrix and the vibronic transitions of
the RE ions bound to the ligand atoms.37,38 The comparisons of
U2 parameter of the present glasses with other Sm3+ doped
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Experimental and calculated oscillator strengths (×10−6) of phosphate glasses doped 0.3% of samarium

Transition from 6H5/2 to lower energy
state

20BaSm0.3 25BaSm0.3 30BaSm0.3 35BaSm0.3 40BaSm0.3

fexp fcal fexp fcal fexp fcal fexp fcal fexp fcal

4F7/2 1.059 0.040 1.059 0.040 1.059 0.040 1.059 0.041 1.059 0.041
4I13/2 1.627 1.653 1.627 1.654 1.628 1.654 1.627 1.658 1.627 1.662
6F11/2 3.246 3.140 3.248 3.170 3.284 3.170 3.284 3.151 3.284 3.132
6F9/2 5.311 5.589 5.351 5.650 5.352 5.646 5.535 5.689 5.535 5.731
6F7/2 3.670 3.419 3.717 3.456 3.718 3.454 3.813 3.495 3.908 3.536
6F5/2 0.599 0.5476 0.653 0.553 0.654 0.553 0.653 0.559 0.653 0.565
6F3/2 1.405 0.246 1.513 0.248 1.405 0.248 1.405 0.251 1.405 0.254
6H15/2 3.464 0.016 3.592 0.016 3.464 0.016 3.464 0.016 3.463 0.016

Table 4 J–O intensity parameters (×10−20 cm2) of BaSm0.3 phosphate glasses

Glass system U2 U4 U6 Trend of Uy U4/U6 (c) Reference

20BaSm0.3 1.13 10.92 9.36 U4 > U6 > U2 1.166 Present
25BaSm0.3 1.13 11.04 9.46 U4 > U6 > U2 1.167 Present
30BaSm0.3 1.13 11.05 9.47 U4 > U6 > U2 1.169 Present
35BaSm0.3 1.14 11.26 9.57 U4 > U6 > U2 1.176 Present
40BaSm0.3 1.23 11.88 9.70 U4 > U6 > U2 1.224 Present
69.5 NH4H2PO4–15Na2CO3 –15Ba2CO3–
0.5Sm2O3

0.30 4.08 3.68 U4 > U6 > U2 1.94 28

NSBaP 0.33 8.60 3.92 U4 > U6 > U2 2.19 29

Fig. 5 The emission spectra of series A glasses.
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glasses show a higher value for our glasses, especially for the
glasses containing 40 mol% of BaO. This suggests that the glass
exhibits a highly asymmetric environment around the Sm3+

ions. Conversely, the glass's lasing efficiency is evaluated using
the spectroscopic quality factor (c), which is dened as the ratio
of U4 to U6.18 A smaller U4/U6 ratio indicates a more intense
laser transition from the 4G5/2 state to the 6H7/2 state. The
spectroscopic quality factor (c) value for our glasses was found
to be approximately 1.16, which is the smallest compared to the
other glasses mentioned in Table 4. This shows that the closure
transition is more than in other host glass. Consequently, the
results show that our glasses appear to be better for the fabri-
cation of photonic devices. Fig. 5 and 6 displays the emission
spectra of series A and B glasses, respectively, collected in the
range 510–750 nm with an excitation at 402 nm. The excitation
wavelength matches with the 6H5/2 / 4F7/2 transition which
shows to be the most sensitive among the absorption bands.
Four emission bands, centered at 561, 598, 644, and 703 nm,
have been observed for all Sm3+ doped glasses. They correspond
to the transitions 4G5/2 / 6H5/2,

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

and 4G5/2 /
6H11/2 respectively. For both Sm3+ concentrations,

the emission spectra show that the transition 4G5/2/
6H7/2 (598

nm) has maximum uorescence intensity, which illustrates that
the glasses are potential candidates for reddish-orange emis-
sion. The transition follows the selection rule of DJ = ±1,
making it partly allowed for electric dipole (ED) transitions but
primarily allowed for magnetic dipole (MD) transitions. The
4G5/2 / 6H5/2 transition, despite having DJ = 0, also includes
a contribution from magnetic dipole (MD) transitions. On the
other hand, the 4G5/2/

6H9/2 and
4G5/2/

6H11/2 transitions are
purely allowed for electric dipole (ED) transitions. The intensity
© 2024 The Author(s). Published by the Royal Society of Chemistry
of these transitions is sensitive to the variations in the local
structure surrounding the rare earth ion.39 The electric dipole
(ED) transition from 4G5/2 to

6H9/2 at 644 nm exhibits a higher
intensity compared to the magnetic dipole (MD) transition from
4G5/2 to 6H5/2 at 561 nm. This suggests the presence of asym-
metric sites for the Sm3+ ions in the glass.40

Although the addition of BaO induces depolymerization in
the phosphate network, surprisingly, it was found that the
emission intensity of series A glasses rst decrease when BaO
content increases from 20 to 35 mol% and then increases with
the further increase in BaO concentration. On the other hand,
for series B, the intensity of luminescence decreases with the
RSC Adv., 2024, 14, 2070–2079 | 2075
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Fig. 6 The emission spectra of series B glasses.

Table 6 Lifetime values obtained under excitation at 402 nm col-
lecting the luminescence at 598 nm

Sample Lifetime (ms)

20BaO_Sm 0.3% 2.69
25BaO_Sm 0.3% 2.69
30BaO_Sm 0.3% 2.68
35BaO_Sm 0.3% 2.67
40BaO_Sm 0.3% 2.64
20BaO_Sm1% 1.15
25BaO_Sm1% 1.14
30BaO_Sm1% 1.15
35BaO_Sm1% 1.16
40BaO_Sm1% 1.15

Fig. 7 Semi-logarithmic plot of the fluorescence decay of the 4G5/2

level for the 35BaO–0.3Sm ad 35BaO–1Sm samples obtained by
exciting at 402 nm and collecting the luminescence at 598 nm.
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rise of BaO concentration initially until x = 30, then quench up
to 35 and nally decrease to 40% of BaO. Therefore, glasses with
20% BaO have the maximal luminescence intensity for series A
and B. This trend correlates perfectly with the degree of poly-
merization in the phosphate glass. In fact, an increase in the
degree of compactness and polymerization of the phosphate
network leads to a corresponding rise in Sm3+ emission, and
vice versa. It should be noted that an inverse trend in emission
intensity is typically observed with the depolymerization of the
phosphate network, as reported in earlier studies.41,42 These
results can likely be explained by the moderation of the local
ligand eld strength due to the modication of the glass
network resulting from the replacement of Na+ with Ba2+. In this
context, Na+ cations with the higher eld strength exhibit
a greater preference for coordination with NBOs compared to
Ba2+ cations. Consequently, an increase in Ba2+ concentration
results in a decreased competition for NBO coordinations,
leading to a weakening of the coordination with Sm3+ ions. This
mechanism clearly elucidates the reduced Sm3+ emission
observed in glasses with Ba2+ as network modier ions, partic-
ularly in comparison to the relatively high eld strength cations
of Na+.43 The radiative transition probability (AR), uorescent
branching ratio (bR), and lifetime (sR) for the emission peaks of
Sm3+ ions in the glass samples were determined using previ-
ously published equations.40 The calculated values for the
Table 5 Emission band position (lp, nm), radiative transition probability (
BaSm0.3 phosphate glasses

Emission transition Transition parameters 20BaSm

4G5/2 /
6H5/2 lp 561

A 14.53
br 0.043

4G5/2 /
6H7/2 lp 598

A 232.94
br 0.693

4G5/2 /
6H9/2 lp 644

A 88.44
br 0.263

2076 | RSC Adv., 2024, 14, 2070–2079
radiative transition probability (AR) and branching ratio (bR) for
the 4G5/2 /

6H7/2 transition were found to be higher than those
of other transitions. These values are presented in Table 5. The
bR values obtained were 0.693 for 20BaSm0.3 and 0.582 for
20BaSm1. These values indicate that our samples have a high
potential to be used as a laser gain medium for 598 nm emis-
sion due to their high lasing power, low laser threshold, and
A, s−1), and calculated branching ratios (br) for the excited 4G5/2 level of

0.3 25BaSm0.3 30BaSm0.3 40BaSm0.3

561 561 561
14.62 14.62 14.58
0.043 0.043 0.042

598 598 598
235.47 235.39 235.95

0.695 0.695 0.694
644 644 644
88.33 88.29 89.02
0.261 0.260 0.262

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Radiatives lifetimes srad, measured lifetimes smeas and quantum efficiencies (h)

Glass system smeas of
4G5/2 (ms) srad of 4G5/2 (ms) h (%) Reference

20BaSm0.3 2.69 2.98 90.26 Present
25BaSm0.3 2.69 2.95 91.18 Present
30BaSm0.3 2.68 2.95 90.84 Present
35BaSm0.3 2.67 2.94 90.81 Present
40BaSm0.3 2.64 2.93 90.10 Present
69.5 NH4H2PO4–15Na2CO3 –15Ba2CO3–0.5Sm2O3 2.01 3.41 58.89 28
NSBaP 1.74 2.40 72.5 29
NNS05 2.06 2.9 71 30

Fig. 8 CIE chromaticity diagram of the prepared glasses.

Table 8 The CIE chromaticity coordinates (x, y) and associated color
temperatures (CCT, K) of the examined glass samples

x y CCT

20BaOSm1 0.6077 0.3916 1383
25BaOSm1 0.6057 0.3934 1401
30BaOSm1 0.6044 0.3942 1411
35BaOSm1 0.6075 0.3918 1385
40BaOSm1 0.6091 0.3902 1370
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suitability for laser applications.44,45 The obtained luminescence
lifetimes of the 4G5/2 level of the glass samples are gathered in
Table 6. The luminescence decays were measured by exciting
the samples at 402 nm and collecting the emitted light at
598 nm. As an illustration, Fig. 7 exhibits the experimental
decay curves for the 35BaO–0.3Sm and 35BaO–1Sm samples.
The decays of the samples doped with 0.3 mol% of Sm3+ can be
reasonably approximated by single exponential functions. In
© 2024 The Author(s). Published by the Royal Society of Chemistry
contrast, the decays of the samples doped with 1 mol% of Sm3+

deviate from a single exponential function and exhibit a reduc-
tion in lifetimes. The lifetime values in Table 6 for our
compounds doped with 1 mol% represents the average lifetime,
investigated using the eqn (4):

hsi ¼
ÐN
0

tIðtÞdtÐN
0

IðtÞdt (4)

where, I (t) is the luminescence intensity at time t corrected for
the background. As shown in Table 6, lifetime values in glasses
doped with 1 mol% Sm2O3 are smaller than those in the
0.3 mol% counterparts, which can be due to concentration
quenching effects. However, it is noteworthy that the emission
lifetime values of the 4G5/2 level are comparable to the
maximum values reported in the literature for similar concen-
trations of Sm3+ ions in glass systems,46,47 underscoring the
efficiency of the re-melting process. Specically, the reduced
presence of hydroxyl groups leads to a decrease in possible non-
radiative relaxation processes for Sm3+ ions, thereby extending
the lifetime duration. On the other hand, there are not signi-
cant differences in the lifetime values from the BaO/Na2O
substitution. Shortened lifetimes and deviation from a single
exponential function are characteristic of the presence of
a concentration extinction mechanism in the lifetime of 4G5/2

level as concentration rises. The experimental decay time of the
4G5/2 level is determined by a combination of probabilities for
both radiative and nonradiative processes. Non-radiative
phenomena comprise non-radiative multiphonon relaxation
and cross-relaxation energy transfer, as well as impurity-
induced quenching. Considering the signicant energy differ-
ence of approximately 7000 cm−1 between the 4G5/2 and the
immediately lower level 6F11/2, it is anticipated that non-
radiative decay via multiphonon emission would be minimal.
Hence, the decrease in lifetime with increasing concentration
can be primarily attributed to cross-relaxation energy transfer
processes such as (4G5/2;

6H5/2)/ (6F11/2;
6F5/2) and (4G5/2;

6H5/2)
/ (6F9/2;

6F7/2).18,48 The values of radiative lifetime decrease
from 2.98 to 2.93 for 20BaSm0.3 and 40BaSm0.3 glass respec-
tively. It is clear that the 4G5/2 level's radiative lifetime was
continuously longer than the observed lifetime, which gets
smaller as Sm3+ concentration rises. This decrease can be
attributed to non-radiative energy transfer processes. Table 7
presents a comparison of the quantum efficiency (h) values of
the glass samples with the values reported above. The results
RSC Adv., 2024, 14, 2070–2079 | 2077
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show that the h values for the 4G5/2 level of the 30BaSm0.3 glass
are higher than for the other glasses. Based on the obtained
lifetime and quantum efficiency results, we conclude that they
are promising and serve as a foundation for the development of
efficient red luminophores suitable for display and illumination
applications.

Fig. 8 depicts the variations in luminescent colors of the
glass samples, analyzed using the Commission Internationale
de l'Eclairage 1931 (CIE) chromaticity diagram. The CIE chro-
maticity coordinates (x, y) and associated color temperatures
(CCT, K) of the examined glass samples have been computed
and tabulated in Table 8. Upon substituting Na2O with BaO
content, all glass samples exhibit a nearly identical red color,
showcasing prominent reddish-orange tints with CIE coordi-
nates. Additionally, they demonstrate lower CCT values corre-
sponding to the temperature of the closest Planckian black-
body radiator to the operating point on the chromaticity
diagram.49 These ndings strongly indicate the potential of the
examined glasses as phosphors, generating reddish-orange
light for solid-state devices.

4. Conclusions

In summary, this investigation explored the impact of barium
and samarium oxide additions on the physical, thermal, optical
and luminescence characteristics of metaphosphate glasses. The
density and refractive index of glass compounds rise with
increasing BaO element. Furthermore, the properties values for
the glasses doped with 1 mol% Sm2O3 are found to be higher
than those of glasses doped with 0.3 mol% Sm2O3. The glass
transition and dilatometric soening temperatures increased
when BaO was substituted for Na2O, while the coefficient of
thermal expansion decreased. The analysis of FTIR spectra indi-
cates an increasing network depolymerization with the BaO
addition, with a transition from a modier oxide to a glass-
forming element for high BaO levels. The absorption spectral
proles of the glass samples exhibit similar characteristics, with
the only variation being the intensities of the bands. The photo-
luminescence emission of BaSm0.3 glasses has higher intensity
than the BaSm1 glasses, which shows that BaSm0.3 glasses have
less non-radiative energy transfer processes. Moreover, the
emission spectra of all glasses presented a strong reddish orange
emission at 598 nm, under 402 nm excitation, with the highest
intensity for the glasses with 20 mol% of BaO. Finally the lifetime
of the 4G5/2 level show similar values with the rise of BaO content
and decreases with increasing Sm2O3 content mainly attributed
to the existence of cross-relaxation processes. Further, the
method used for dehydroxylation of the glasses increased the
lifetimes which is the result of a strong reduction in non-radiative
relaxation mechanism involving OH groups. It is concluded that
current glasses may be a good candidate for displaying colors or
visible lasers in the red-orange spectral region.
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