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ABSTRACT

Three modifier oxides, MgO, Zn0O, and CdO, were mixed with 1.0 mol % of Thulium-doped lead arsenate
glasses and were synthesized by the usage of melt-quenching technique. XRD patterns clearly show
the evidence that samples are amorphous and had been supported with the aid of using the lack of distinct
peaks. Various functional physical parameters such as molar volume, oxygen packing density (OPD), Tm>"
ion concentration, mean Tm*" ion separation, polaron radius are evaluated by using experimentally
measured densities and refractive indices. The optical absorption spectra of PbO-MO (M = Mg, Zn, Cd)-
As;03:Tm;05 glass system have been studied. Through the application of least square fitting analysis,
the J-O phenomenological parameters (Q,, Q4, Q¢) for the three glass systems have been calculated.
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Introduction

In the glass system, rare-earth ions have been thoroughly studied with respect to both
their physical and chemical characteristics inside the network of glasses, which
establishes the glass structure, it also incorporates optical characteristics [1,2]. Because
of its exceptional prospective applications, the developments of glasses which are doped
with rare-earth ions are precisely on course because of their use, including optical,
semiconductors, sensors, lasers, etc. [3,4].The composition, structure and qualities of the
final glass materials are directly influenced by the production technology and chemical
and mineralogical makeup of the raw materials [5].

However, lead arsenic glasses are highly toxic, volatile easily at high temperature and
chemical instable in moisture due to their devitrification, surface leaching along with
hydrolytic attack. From the literature study [6-8], it strongly evidence that, the incorporation
of suitable network modifiers/intermediate modifier like CuO, WOs, Fe,0s, etc., there is
change to reduce the number of non-bridging oxygens (NBOs) by forming more stable
M-0-As (M = metal) linkages significantly improved the chemical durability, reducing
moisture induced surface leaching and enhances long-term stability. Furthermore, the
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presence of these oxides minimizes structural defects, enhances homogeneity, which
leads the tuning of physical parameters such as density, refractive index and optical band
gap. Tuning effect of the modifiers for getting stable and modified PbO-As,0s glasses
not only governed by the chemical composition nature but also their relative proportion
in the glass matrix. Thus, the strategic addition of MgO/ZnO/CdO effectively mitigates
the weaknesses of PbO-As,0s3 glasses and enables the development of compositionally
stable materials for advanced optical and photonic applications and also it nevertheless
to mention that no literature available with systematic replacement of divalent modifier
in the PbO-As;0; glass host.

The RE** (Ln**) ions doped glasses are highly renowned because of their high
efficient optical property and good transparency in near and mid IR region [9]. Thulium
(Tm*") is recognized as one of the most potent active ions [10]. Recently, considerable
attention has been given to analyzing the spectra of Tm**ions in various glass hosts, since
this ion exhibits emission in the infrared region (~ 2 um), making the glasses suitable for
eye-safe LIDAR [11], gas sensors, pollution monitoring in atmosphere, biomolecule
sensors, laser guided military applications etc., [12,13]. Because of the possibility of
up - conversion from infrared to visible light, these ions are well-known [14-16].

Among Oxide glasses, PbO-As,05 glasses exhibit high density and good optical
transparency, which are essential for optimum efficiency for optical pumping. Metal
oxides have been shown to improve the optical properties of glass, making them
promising material for optical fiber amplifiers, non-linear optical systems, electronic
optical switches etc. [17]. When lead arsenates glasses are modified with network altering
metal ions, structural changes and local field fluctuations can be expected; these
modifications may significantly influence the optical transitions of lanthanide ions and
enhances the compositional stability. In this ongoing work, we report the physical, optical
studies and their correlation in PbO-Mg0/Zn0/Cd0-As,0s glasses doped with Tm>* ions.

Materials and Methods

The present studied glass samples had been prepared by adopting the melting and
quenching method. Within the area where glass is formed, the compositions selected for
the current investigation is 20PbO-5MO (M = Mg, Zn, Cd)-74As,03:1.0Tm;0sall in mol %
weighted by using Essce Vibra HT digital weighting balance with maximum capacity
100 gm and readability 0.1 mg. Figure 1 depicts a flow chart of the glass sample
preparation process. The specific chemical composition and their codes used for present
prepared samples were displayed in Table 1. All compositions were melted in platinum
crucibles at 700 °C using muffle furnace. The melts were then rapidly quenched
by pouring onto a preheated brass mould to avoid crystallization. The obtained glass
samples were subsequently annealed at 250 °C for three hours at a cooling rate of
1°C/min to relieve internal stresses and ensure structural stability. Figure 2 shows

Table 1. Composition of glass samples (all in mol %)

Sample Code PbO MO As,03 Tm,0;
GM 20 5.0 MgO 74 1.0
GZ 20 5.0Zn0 74 1.0
GC 20 5.0 CdO 74 1.0
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AR grade chemicals weighted (all
in mol%) based composition
using Essce Vibra HT digital
weighting balance

1 1

Finally the samples were polished
to dimensions of 2cm x 2 cm x 0.2
cm size

Grinding of chemicals with agate Melt was quenched and are
mortar to obtain Homogeneous annealed at 250°C for 3 Hrs and
mixture then cooled to room temp.

! 1

Melting the chemical mixer in - Bubble free Melt poured on the
platinum crucible at 700°C for 1 rectangular brass mould to obtain
Hr until to get bubble free liquid glass

Fig. 1. Flow chart of various steps involved in PbO-MO (Mg0/Zn0/Cd0)-As,03:Tm,05 glass samples

GM GZ GC

Fig.2. Photograph of prepared PbO-MO (MgO/ Zn0O/Cd0)-As;03:Tm;05 glass samples

the digital photographs of the prepared PbO-MO (M = Mg, Zn, Cd)-As,03:Tm;0s glasses,
which clearly exhibits that the prepared samples are light yellow in colour with good
transparency, and absence of visible surface defects, confirming the good quality of the
synthesized glasses. Density determination was done by adopting Archimedes’ principle
by measuring the weights of the prepared samples in air as well in acetone by using Essce
Vibra HT digital weighting balance. The refractive index of the samples was measured by
using Abbe refractometer using Abbe refractometer (Model NAR-4T: Resolution
% 0.001 nD and accuracy £ 0.0002 nD) with mono bromo naphthalene as the contact layer
between the glass and the refractometer prism. The amorphous nature of the prepared
glasses was checked by X-ray diffraction spectra recorded on Rigaku D/Max ULTIMA llI
X-ray diffractometer with CuKq (A = 0.15406 nm) radiation. The optical absorption spectra
of the glasses at ambient temperature were recorded using JASCO Model V-970 UV- vis-
NIR spectrophotometer with spectral resolution of 0.1 nm.

Results and Discussion

The density of the samples was calculated using Archimedes’ standard principle by
measuring their weights in air (W,) as well as in acetone (W) as a buoyant liquid. With the
help of measured density, estimated average molecular weight of the individual samples,
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several important characteristic physical parameters, including molar volume, oxygen
packing density (OPD), Tm**ion concentration, mean Tm?** ion separation, polaron radius
were calculated from standard relation and presented in Table 2 [18,19]. From the
obtained and presented data from Table 2, it was noticed pragmatically among samples
containing MgO, Zn0 and CdO, that density is larger for GC, large for GZ and small for GM
samples. In contrast molar volume shows as usual inverse behavior with densities of the
glass samples. This was unexpected trend why because due to the replacement of the
Mg?* ions with higher molecular mass (ionic radius) ions like Zn?* and Cd** we expect the
reverse trend, which suggests that evidently takes place structural changes in the glass
matrix. Among the present reported samples, OPD is smaller for GM, small for GZ and
larger for GC. This increase in OPD suggests that the glass structure becomes compact
hence leads to increase the density of the glass samples.

Table 2. Physical parameters of PbO-MO (M = Mg, Zn, Cd)-As,03:Tm,03 glasses

. Sample code
Property Standard relation M ez cc
Average molecular weight (M), g/mol M= X;M; 197.52 | 199.17 | 201.05
W,
. 3 — a
Density (o), g/cm o (Wa i ) py | 5174 | 5382 | 5540
M
Molar volume (Vin), cm?/mol V= — 38.176 | 37.006 | 36.290
p
Oxygen packing density (OPD), atoms/cm® OPD =n (%) 1000 | 63.13 | 6512 | 66.41
Refractive index (n) Experimental value 1.654 1.655 1.656
n?—1
Molar refractivity (Rm), cm3/mol R, = <m) Vi 13.99 13.58 13.33
R
Molar electronic polarizability (eem), cm?/mol Ay = % 5.552 5.389 5.291
Electronic polarizability (ae), 102> cm? a, = M 1.454 1.455 1.457
e’ ¢ 4nN,(n? + 2) : ' :
R
Metallization criterion (M) M=1- V_m 0.6335 | 0.6330 | 0.6326
Optical basicity (A) A= in/ll- 1.037 1.044 1.050
N,x;
Tm?3* ion concentration N;, 10%* ions/cm? N; = AMJ_Clp 1.577 1.627 1.659
1
Interionic distance (r), A r= [ir 8590 | 8502 | 8447
N
1 1
Polaron radius r,, A r = _[ i ]3 3461 | 3.426 | 3.403
P~ 216N
Z
Field strength (F), 10%° cm™ F; = ) 1.379 1.301 1.380
p

The refractive index (n) values were measured using monochromatic LED light of a
wavelength 589.3 nm. The refractive index values for the studied samples were closely
1.65 to 1.66 following the trend nem < nez < nec. Using standard relations along with the
measured refractive indices, the physical parameters such as molar refractivity, molar
electronic polarizability, metallization criteria and optical basicity were evaluated and
the same were systematically presented in Table 2, where X; is the mol % of the oxide
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compound,M; is the molecular weight of the oxide compound, p, is the density of
acetone, N, is the Avogadro number, 4; is the specific basicity moderating parameter of
it" oxide compound, Z is the thickness of the sample.

Figure 3 depicts the observed XRD patterns of the GM, GZ and GC samples. These
patterns exhibit no sharp peak, confirming the amorphous nature of the prepared
samples. Instead, two broad diffuse maxima are observed centered near 260 = 30° and
= 50°. In amorphous materials such as oxide glasses, these broad halos arise by diffuse
scattering that originates from short range and medium range atomic correlations, rather
than from long range periodicity. The high angle halo near = 50° arises from short range
order corresponding to the nearest neighbour cation oxygen bond distances (d = 1.8 A)
with in the basic structural units present in the glass formers such as SiO. tetrahedral,
BO:/BO4 units, AsOs pyramids, Pb-O polyhedra and modifier oxygen linkages [20,21].
Whereas the low angle halo near = 30° arises from medium range order especially in
oxide glasses corresponding due to the long-range real spaces distances between inter
polyhedral correlations like AsOs units PbO (d = 3 A). In addition, the presence of MgO,
Zn0, and CdO modifiers enhances such medium-range structural organization due to
variations in bonding strength, cation size, and field strength, thereby making the ~ 30°
halo more prominent.

GC

GZ
GM

Intensity (arb. units)
# {;’
3 p—

20 (Degrees)

Fig. 3. X-ray diffraction pattern for PbO-MO (M=Mg, Zn,Cd) As,03:Tm;0; glasses
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Fig.4. Optical absorption spectra of PbO-MO (M=Mg, Zn, Cd)-As,05 glasses doped with Tm;0s
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The optical absorption spectra of GM, GZ and GC glass samples within the
wavelength range of 300-2100 nm were presented in Figure 4. Glass sample GM exhibits
five distinct absorption peaks with peak positions at about 657, 689, 795, 1199, 1631 nm;
among them, first one with less intensity appeared as a kink, whereas last one was a
boarder. These identified peaks were attributed due to the transition Tm>* ions from the
ground state *Hs to the higher energy states 3F,, *Fs, *F4, *Hs, *H. respectively [22,23].
Among the three prepared samples, the other two samples also exhibit similar absorption
bands with marginal blue shift in wavelengths, the corresponding energies of these
transitions are presented in Table 3.

Table 3. The absorption band energies (cm™), the experimental (fex,) and calculated (fea) oscillator strengths
for the absorption transitions of PbO-MO (M = Mg, Zn, Cd)-As,03:Tm,05 glasses

GM GZ GC
Transitions | Energy | fexp, | feals % | Energy | fexp, | feats % Energy | fexps | feals %
v,emt | 10 | 10 | diff | v,cm? | 10 | 10 | diff | v,cm? | 10° | 10° | diff
*He—>3F, | 15231 | 208 | 2.1 | 096 | 15104 | 1.16 | 1.15 | 0.86 | 15092 | 2.89 | 2.35 | 18.68
—3F; 14510 | 6.34 | 6.7 | 5.67 | 14280 | 5.71 | 6.30 | 10.33 | 14596 | 6.60 | 5.94 | 10.00
—3F, 12584 | 392 | 4.08 | 4.08 | 12608 | 3.47 | 3.70 | 6.62 | 12610 | 3.48 | 3.60 | 3.49
—3Hs 8338 | 457 | 482 | 547 | 8314 | 451 | 463 | 2.66 | 8320 | 469 | 480 | 2.34
—3H,4 6130 | 3.50 | 3.61 | 3.14 | 5960 | 2.48 | 2.57 | 2.01 | 6131 | 3.72 | 3.68 | 1.08
irect band 2.49 2,52 255
gap, eV
Indirect band 2.59 2.61 2,62
gap, eV
R.m.s. % 423 5.70 9.67
deviation

Judd-Ofelt (J-O) parameters are vital to enhancing the comprehension of optical
characteristics, particularly concerning rare-earth ions such as thulium in glass matrices.
They bid valuable insights into properties like, radiative transition probabilities, oscillator
strengths, and branching ratios etc.

By applying J-0O theory and measuring the area under the absorption curves, the
experimental oscillator strengths were determined by the simplified relation [24]:
fexp = 4318 X 107° [ £(9) d9, (1)
where [ £(9) d9 is the area under the absorption curve, e(9) is the molar absorptivity of

the respective band at 9:
e®) =2

cl’
where % is the absorbance coefficient, c is the concentration of the lanthanide ion.

(2)

The calculated oscillator strengths for the electric dipole transition from the ground
state () to the excited state (y") were obtained using the relation:

2 2,5)2
fra = (320 (P2 s 2 (00)" ©
where all the terms having their own standard meaning, which are mentioned in the
literature [22,24], ||U*|| are the square reduced matrix element of the unit tensor operator
of the rank 1 = 2,4,6, these standard values were acquired from [25]. The root mean
square deviation values from the calculated and experimental oscillator strengths were
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obtained using the basic relation, which helps to understand the fitment of theoretical
data with experimental data in the RE-doped glasses:
2

RMS % = 100y L Fern) (4)

The absorption band energies (cm™?), the experimental (fexp) and calculated (fe)
oscillator strengths calculated for the absorption band intensities of PbO-MO (M = Mg,
Zn, Cd)-As,0::Tm,03 glasses were presented as Table 3.

Using least squares fitting analysis, J-O parameters T, (A1 = 2,4,6) were determined
with help of values ||U*||?(taken form the literature ref), fexps fear,» and v by the relation [26]:
fe = [T(IU2D? + To(IU*)? + Te (I1U°11)?19. (5)

J-0 Intensity parameters 2;(1 = 2,4,6) are calculated from above obtained
T, (A = 2,4,6) using the equation:

= (5me) (i) @ + DT ©)

8m2mc

where all symbols have their own significant meaning as mentioned in literature [25,26],
J is taken as 13 for the ground state of Tm*" ion. The obtained J-O intensity
parameters 0, (1 = 2,4,6) for Tm,0s; doped PbO-MO (M = Mg, Zn, Cd)-As,0s glasses are
displayed in Table 4. When the computed oscillator strengths are compared to the
experimental oscillator strengths, a fair match is made. The root mean square percentage
(RMS %) deviation between fe, and fac is used to express the fit quality. The J-0O theory's
validity and suitability for the current glasses are confirmed by the comparatively low
levels of these deviations [27]. In complex hosts like glass it is common that individual
transition oscillator strengths differ by 10-30 % from calculated values; an RMS
percentage deviation (RMS %) below ~20-30 % is usually considered acceptable as
indicating a good correlation in rare-earth—doped glasses. For the present studied three
samples, RMS % deviation is observed < 10 which represents the overall "goodness of fit"
and validates whether the derived J-0 parameters Q,, Q4, Q¢ are reliable.

Table 4. J-O parameters (Qa) and the bonding parameter (6) of PbO-MO (M=Mg, Zn, Cd)-As,03::Tm;0;
glasses and their comparison with the previous work of different glasses

Glass Q,, 102° cm? Q., 102° cm? Q¢, 10'2° cm? Q.4/Q6 5 Ref.

GM 8.35 0.863 0.336 2.56 -0.160 Present work

GZ 7.81 0.810 0.370 2.18 -0.948 Present work

GC 6.74 0.780 0.362 2.15 -1.050 Present work

PSBT 3.66 2.926 1.549 1.89 [22]

BBT 3.65 1.32 1.37 0.96 [23]
Glass B 4.15 0.80 0.40 2.00 [24]
Gallate 4.79 1.52 0.58 2.62

Germanate 4.10 0.99 0.26 3.80 [28]
Aluminate 494 1.67 0.61 2.73

Hence, the Q, parameter acts like a strain for the asymmetry of the ligand field,
reflecting the degree to which the local symmetry is distorted. For all the present three
sets of glasses, the values of Q\ are projected primarily in the following sequence;
Q; > Q4> Q¢ [28]. Further, it is identified that this phenomenological intensity parameter
Qy for A = 2, 4 observed lower when Mg was replaced by the Zn and Cd, whereas for A = 6,
it is observed to rise with the replacement of Zn and Cd by the Mg in the glass matrices.
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These results reflect among the three studied present glasses: GM has more covalent
behavior than the other two. Afterward coming to the Q4, bids attention to the interaction
of RE-ions with the atom that are away in the lattice i.e., tells about medium-range
interactions that reflects the rigidity and bulk properties like density, mechanical strength
and elasticity etc., Approaching to the third one, Q¢ reveals the information about long-
range interactions between the RE-ion and its environment, which plays an active role on
optical and efficiency, non-radiative transitions, phonon interaction (Luminescence
efficiency). Lower Q¢ values claim less rigid, faster non- radiative relaxations due to
interaction of RE-ions with lattice by producing lattice vibrations (phonons). Hence, by
the obtained results, it may except that GM glass samples were rigid with lower non-
radiative relaxations, same result was confirmed the higher Q4Qs value.

The bonding parameter (6) which also helps to estimate the covalent character of the RE
ions with the ligand bond has been calculated for each of the three glasses using the equation:

_eree—ion

5= P27 7)

free—ion
‘Qz

The RE-ion Tm** in MgO mixed glass has the highest 6 value, whereas CdO mixed
glass exhibits the lowest 6 value. The bonding parameter value might potentially be used
as additional evidence for this claim. Hence, Optical data with the fitment of J-O theory
imply that the Tm** environment in MgO glasses is a more covalent character with a rigid
structure having higher luminescence efficiency than the other two glasses containing
Zn0 and CdO.

According to Davis and Mott’s theory [29,30], the optical edge of non-crystallize
materials can be expressed by the equation:
ahd = A (R — Eope)’ (8)
where « is the absorption coefficient, A is the proportionality constant, hv is photon
energy, Eqx is the optical band gap energy, r = 2(allowed indirect), V2 (allowed direct) -
transitions respectively. The direct and indirect optical band gaps were estimated by
extrapolations of the (ah9)"vs h9 curves at (ehd)" = 0.

()
GM

GZ

GC

(chv)? (eV-cm)?

(chv)1? (eV-cm-1)?

2 21 22 23 24 25 26 27 2 21 22 23 24 25 26 27

Energy hv (eV) Energy hv(eV)

Fig. 5. Urbach plots of PbO-MO (M=Mg, Zn, Cd)-As,0s glasses doped with Tm,0s: (a) direct; (b) indirect
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Figure 5 shows (ahd)"vs h plots of PbO-M0O-As,05:Tm,0; glasses. From the
extrapolations, the GM glass exhibits optical direct and indirect band gaps of
approximately 2.54 and 2.75 eV. Replacing ZnO or CdO with MgO produces a small but
systematic increase (widening) of both direct and indirect band gaps (Table 4), reflecting
reduced modified local structure from Mg?* incorporation. In other way, ZnO and CdO
introduce highly polarizable cations, which increase the electron donating ability of O*
and cause to produce more NBOs. This increases optical basicity and raised the J-O
parameter Q, supports the same with causes the reduced covalency and local structural
distortion around Tm?" ions, leading to a more rigid matrix and higher energy optical
transitions.

Conclusions

An assortment of glass systems with chemical substance 20 PbO-5 MO (M = Mg, Zn, Cd)-
74 As;05:1.0Tm,03was successfully prepared by conventional melt-quenching technique.
The density and molar volume of the glass were found to change when MO was added to
the glass system. The transitions below have been identified by glasses optical absorption
spectrum *Hs—>F,, Fs, *F4, °Hs, °Hi. The optical absorption spectra of these ions may be
described using the J-O theory for each of the three glass systems. The J-O parameters
for the three systems are calculated using least squares fitting analysis and the results
indicate the following pattern: Q, > Q4> Q¢ The glasses that were combined with
magnesium oxide had the highest bonding parameter 6, smaller optical band gaps all the
above observations clearly indicate that the rare earth ions in this glass matrix have a
larger covalent environment in glass containing MgO.
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