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Abstract :Ho** doped different phosphate glasses with chemical compositions 69.5NH,H,PO, -15 Na,COs-
15MCQO,;) (M=Li, Mg, Ca and Ba) were prepared using melt quenching method. For these glasses, structural
and spectroscopic properties were characterized through X-ray diffraction, optical absorption,
photoluminescence and solid state *'P NMR techniques. From the absorption spectra, spectral intensities (Fexp
and fey), Judd-Ofelt intensity parameters (Q,, Q4 Qg), total radiative transition probabilities (A7), radiative
lifetimes (tz) and branching ratios (Bg) were obtained for all Ho** doped phosphate glass matrices. From the
photoluminescence spectra, peak stimulated emission cross-sections (ss) were calculated for different Ho®*
doped phosphate glasses. The Ho*" doped phosphate glasses show strong green emission at 545 nm and red
emission at 656 nm under excitation at 450 nm. The measured lifetimes (tmess) Of the excited °Fs state, of Ho®*
were obtained from decay profiles. From this analysis, it is concluded that Ho®* doped Li phosphate glass
exhibit relatively better properties for the application in mid infrared laser at a wavelength of 2.0 pum.
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I. INTRODUCTION

Glasses doped with rare earth metal ions have several advantages and applications for solid state lasers
operating in the visible to Infrared (IR) spectral ranges. These materials have various applications in optical
amplifiers, waveguides, optical data storages, sensors, optical displays and optical devices [1-6]. The main
advantage of these glasses is that they can be fabricated very easily with large homogenous pieces having non-
linear refractive indices. Among various oxide glasses, phosphate glasses have several prominent features over
conventional silicate glasses such as high transparency, low melting point, low refractive index, low dispersion
and high ultra violet transmission [7]. These properties of phosphate glasses make them attractive materials for
device fabrication. Spectroscopic properties of rare earths doped crystals or glass hosts were mainly used
because of their efficient lasing action in many of them. Among various rare-earth ions, Ho** ion is known to
exhibit intense luminescence in the green, red and NIR regions in the glass hosts [8, 9]. Hence such amorphous
materials are highly useful in traffic signals. Optical properties of Ho®" ion doped glass systems have been
investigated and reported luminescent properties in both from down conversion as well as up conversion which
covers visible, near infrared and mid infrared regions [10-12].

Ho®" ion has several advantages than the other rare earth metal ions. In its trivalent state, it has large
number of energy levels and radiative transitions. Ho®* ion can be sensitized by a variety of lanthanide ions or
transition metal ions to achieve efficient laser emission [13]. Ho®" ion has high emission cross-section, broad
emission band and long fluorescent lifetime which makes Ho®* ion more suitable for generating 2um laser
radiation due to °I,—°lg transition. These 2 pm lasers have various applications in the high resolution
spectroscopy of low pressure gases, laser medicine surgery, eye safe lasers, atmospheric pollution monitoring,
military, laser distance measurement and so on [14-15].

Recently, Kesavalu et. al [16] investigated optical spectroscopy and emission properties of Ho*" doped
gadolinium calcium silicoborate glasses for visible luminescence devices applications. Rong Chen et.al [17]
reported 2 um fluorescence of Ho>*: °1;—°lg transition sensitized by Er®* in tellurite germinate glasses. Srinivasa
Rao et.al [18] studied optical properties of Ho®" ions in lead phosphate glasses. Ravi Kumar et.al [19] studied
influence of red lead on the intensity of green and orange emission of Sm** and Ho®* co-doped ZnO-SrO-P,05
glass system. Ying et.al [20] studied 2um emission of Ho** doped fluoro phosphate glass sensitized by Yb**.

In the present work, vibrational and structural modes in the phosphate glass units were investigated
using solid state NMR studies and are reported. Various spectroscopic parameters like electric dipole
linestrengths (Seq), radiative transition probabilities (At), radiative lifetimes (tr) and integrated absorption
coefficients (Y)) are calculated from the absorption spectra of Ho®** doped different (Li, Ba, Mg and Ca)
phosphate glasses using Judd-Ofelt theory. The laser characteristic parameters such as branching ratios () and
stimulated emission cross-sections (c,) are obtained from the emission spectra of Ho** doped different
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phosphate glass matrices and are compared with the parameters in other materials. From these studies, few
transition in phosphate glass matrix.

Il. Experimental

2.1 Material synthesis

In this study, the authors prepared and investigated four different Ho** doped phosphate glasses using
the chemicals, NH,H,PO, Na,CO3 Li,CO3;, BaCO3; MgCO;, CaCO; and Ho,03. The method of preparation is a
melt quenching technique. All the chemicals were analar grade with 99.9% purity and were taken according to
the calculated proportions of the glass composition. Final glass compositions of the prepared glass samples are
marked as follows.
1. 69.5NH,4H,PO,-15Na,C0O;-15Li,CO5- 0.5H0,0; - Li glass
2. 69.5NH;H,PO, -15Na,C0O; -15Ba,CO3- 0.5H0,0; - Ba glass
3. 69.5NH,H,PO,-15Na,CO; '15M92C03' 0.5H0,0;- Mg gIaSS
4. 69.5NH,H,PO, -15Na,C0O; -15Ca,CO5- 0.5H0,05 - Ca glass

The raw materials were thoroughly mixed in an agate mortar until a smooth and homogeneous mixture
was obtained. Then the mixture was heated and melted in an electronic furnace at the temperature 950°C—
1000°C for one hour in the porcelain crucible to obtain bubble free homogeneous melt. The melt was suddenly
quenched by pouring it on a preheated brass plate and pressed by another brass plate. The obtained glasses were
subsequently annealed at 300 °C for 2h to remove thermal strains and cracks produced inside and then allowed
to cool down to room temperature. The glass samples were polished to a higher degree before measuring the
optical properties.

2.2 Spectroscopic measurements

The densities were measured by Archimede’s principle using water as an immersion liquid. Refractive
index measurements were performed using an Abbe refractometer at sodium wavelength (584.3nm) with 1-
bromonapthalene (CyoH;Br) as a contact liquid. These refractive index values are in the range 1.525-1.551 for
different Ho>* doped glass matrices. The amorphous nature of the prepared phosphate glasses are confirmed
through the X-ray diffraction (XRD) studies using SIEFERT diffractometer employing CuK, radiation at 40 kV
applied voltage and 30mA anode current with a Si detector. The range of diffractometer is 10°-80° with step size
of 0.02°. SEM images were recorded using Caral Zeiss EVOMAZ15 scanning electron microscope. Solid state
NMR spectra were recorded to further study the structural evolution of prepared glasses using JEOL DELTA 2
NMR at 9.4T with a 4mm probe. The acquisition time was 18ms and pulse width was 2.9us. The optical
absorption spectral measurements were done using Varian Cary 5000 spectrophotometer in UV-Vis region with
0.01 nm steps, with the resolution of <0.05 and <0.2 in the UV and Vis regions respectively. 488nm line of Ar*
laser is used as an excitation source to record the photoluminescence spectra. The lifetime measurements were
carried out using a mechanical chopper with a multi-channel scalar interfaced to a personal computer. The
photoluminescence spectra and the decay curves of Ho** doped glass samples were recorded using Jobin-Yvon
Fluorolog 3 spectrofluorimeter (Horiba FL3-22iHR320). All these measurements were conducted at room
temperature.

I11. Results and Discussion

3.1 XRD and SEM analysis

In order to study the amorphous state of prepared phosphate glasses, samples have been subjected to
XRD (X-ray diffraction) analysis. It is found that all the glass samples are amorphous in nature because of the
absence of sharp peaks and reflections in the XRD patterns. The XRD pattern of Ho®" ion doped lithium
phosphate glass is shown in Fig. 1a. From fig. 1b one can observe no bubbles or crystals or clusters in the bulk
glass, which shows that the glass can be used in optical applications.
3.2 3P NMR Spectroscopy

%1p solid state NMR s a very important tool in characterizing structures of phosphate-type glasses due
to shift in the chemical shifts being sensitive to the phosphorus environment. The phosphate bonding is analyzed
through Q" species, where the superscript n refers to the number of bridging oxygen’s per tetrahedron. The solid
state **P NMR spectra of different phosphate glass matrices are shown in Fig. 2. It is noticed that Li, Mg, Ca and
Ba phosphate glasses are exhibiting the signals with chemical shifts —20.8, -24.7, -21.8, -22.1 ppm respectively.
The observed peaks of these phosphate glass matrices are due to essentially of the Q? (metaphosphate) species
[21]. The signal has single symmetric Q® peak which indicates the existence of no other Q° (phosphate
tetrahedral with zero bridging oxygen’s), Q! (phosphate tetrahedral with one bridging oxygen’s) and Q?
(phosphate tetrahedral with three bridging oxygens) structural units.
3.3 Fourier Transform Infrared Spectroscopy (FTIR)
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The presence of functional and structural groups of prepared 0.5 mol% Ho®" doped different phosphate glass
matrices are analyzed in the range 400-4000 cm™ using transmission spectra, which are shown in Fig. 3. Several
transmission bands are observed from infrared spectrum. Results obtained from FTIR spectra regarding different
vibrational bands and their assignments are given below as per given in ref. [22-23].
1. The band at 529 cm™ (a) is assigned to the bending mode of O—P—0Q in the Q" units.
2. The band at 759 cm™ (b) is attributed to the symmetric stretching vibration of P
—O-P rings (Q? species).
3. The bzands observed at 1258 (c) and 1636 cm-1(d) are attributed to the asymmetric stretching of (PO,)- in
the Q° units.
4. The bands at 2386 (e) and 2916 cm™ () are due to the hydrogen bonding.
5. The band at 3450 cm™ (g) is due to symmetric stretching vibrations of hydroxyl groups
(O-H).

3.4 Absorption spectra and Judd- Ofelt theory:

The absorption spectra of Ho®*" doped different phosphate glasses were recorded in the wavelength
region 300-700 nm and are shown in Fig.4. The bands observed are originating from the ground level °lg to
various excited levels of Ho®" ion within the 4f shell. The observed absorption bands in lithium phosphate glass
are appeared at 359.7, 383.6, 416.1, 448.5, 469, 484.3, 535.6 and 640 nm corresponding to transitions from the
ground level °lg to the various excited levels, *Hs+°Hg , °G4+°K;, °Gs, °Gq, °F,, °F3 °F4+°S, and °Fs, respectively.
The observed absorption bands are compared based on energy bands of other reported Ho®" glass systems [24].
Among various absorption bands, the band, ®Ge has high intensity in the visible region centered at 22297 cm™.
The optical absorption spectra are analyzed to find the experimental spectral intensities for the observed
absorption bands and then Judd-Ofelt (J-O) intensity parameters (2, Q4 Qg) are calculated using the formula
given in the Ref. [25]. These parameters are used to determine the local structure and bonding vicinity of Ho*
ion. The experimental and calculated spectral intensities of different absorption bands of Ho®* doped different
phosphate glasses are obtained using the formulae given in the ref. [26-27] and are presented in Table 1. From
the table, it is observed that the value of experimental (f.x,) and calculated (f) spectral intensities are higher for
°|l—°Gg transition in all the glass matrices. The accuracy of fit between the experimental and calculated spectral
intensities is given by root mean square (rms) deviations. It is noticed from the table that the experimental
spectral intensities are in good agreement with the calculated values for most of the transitions; the relative

According to J-O theory, the magnitudes of three phenomenological parameters known as J-O intensity
parameters, Q, (A=2, 4, 6) are characterized by the intensities of absorption bands which depend on local
environment. These relative magnitudes of Q, parameters are useful in explaining the bonding, symmetry and
stiffness of the host materials [28]. These values are presented in Table 2 along with Ho>" doped different
phosphate glass matrices. Among the three intensity parameters, the Q, parameter reflects the intensity of the
hypersensitive transition and covalence of the metal ligand bond where as Q4 and Qg parameters indicate the
rigidity of the host matrix [29]. From the magnitude of Q, parameter it is observed that the covalency is in the
order Li>Mg>Ca>Ba in these Ho®*" doped phosphate glasses. Among these four phosphate glasses Li has high
degree of covalencey and Ba has low degree of covalency. In the phosphate glasses, the degree of covalency
decreases with the radius of modifiers. As the radius of the modifiers increases, the distance between the rare
earth ions and oxygen increases and becomes less compact in nature and low coordination with oxygen ligand.

In the present work, the trend of magnitudes of J-O intensity parameters for Li, Mg, Ca and Ba
phosphate glasses is €Q,>Q,>Q¢ Similar trend is observed in other reported glasses such as tellurite [30],
Lu,SiOs crystal [31], Gallium lanthanum sulphide [32] and oxyflouride (Si based) [33]. The magnitudes of Q4
and Qg parameters depend on the viscosity and dielectric constant of the media and these parameters were also
affected by the vibronic transitions of the ions bounded to the ligand atoms [34]. Q, parameter is affected by the
factors causing the changes of Q, and Qg. Qg parameter is higher in Mg phosphate glass matrix and lower in Ba
phosphate glass matrix indicating higher and lower rigidities and viscosities respectively.

3.5 Hypersensitive transition

The intensities of certain f-f transitions are larger compared to other transitions and are characterized
by the higher values of reduced matrix element IU?I%. These transitions are known as hypersensitive transitions
i.e. sensitive to the inhomogeneity of ligand environment and follows the selection rules, AL<2, AJ<2 and AS=0
[35]. In the present work, only one hypersensitive transition i.e., *ls—Gs of Ho® is observed. The peak
positions and the intensities of this transition are very sensitive to the environment. In the present work, it is
observed that the intensity of the hypersensitive transition °l;—*Gg decrease with the decrease of €, parameter
from Li to Ba glass matrices, which is due to the strong interaction between 4f and 5d orbitals [35]. For the
hypersensitive transition, the shift of the peak wavelength towards longer wavelengths indicates the increase of
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degree of covalency of RE-O bond. In the present work it is observed that there is no shift of the peak
wavelength of the hypersensitive transition for Li, Mg, Ca and Ba glass matrices

3.6 Radiative and non-radiative properties

Using Judd-Ofelt intensity parameters, various radiative properties like energies (Av), electric dipole
linestrengths (Sey), radiative transition probabilities (A), radiative branching ratios (Br) and integrated
absorption cross sections (X) are calculated. These values are presented in Table 3 for lithium phosphate glass.
Calculated total radiative transition probabilities (A7) and radiative lifetimes (tg) for different excited states,
3Hs, °Gg, *Kg, °F,, °F and °F, of Ho®" doped different phosphate glasses are presented in Table 4. From the table,
it is observed that the total radiative transition probability values are higher and lower for °Gg and °Kj states for
all glass matrices. Among the four glass matrices, Li and Ba glass matrices have higher and lower total radiative
transition probability values. Among all excitation states, °Gg and *Kg have lower and higher values of radiative
lifetimes (tgr) in all the phosphate glasses. Among all these four glasses, lower radiative lifetimes are observed in
Mg glass and higher radiative lifetimes are observed in Ba glass. The exponential dependence of the
multiphonon relaxation rate, Wypr, on the energy gap to the next lower level AE, has been experimentally
established for a number of crystals and glasses [36].

3.7 Luminescence properties

The excitation spectra are recorded in the spectral range 350-500nm for Ho®** doped different phosphate
glasses using the emission at 545 nm and are shown in Fig. 5 for different glass matrices. From the figure it is
observed that spectrum consists 6 excitation bands. These observed excitation bands are centered at 361, 385,
417, 450, 474 and 486 nm corresponding to transitions from the ground state to different excited states *Hs, °G,,
°Gs, °Gg, °F,, and °F; respectively. Fig. 6 shows the emission spectra of Ho®* doped different phosphate glasses
recorded using the excitation at 450 nm. In the emission spectra, three peaks are observed corresponding to the
transitions, (°S,)°F,—°l, °Fs—’lgand (°S,) °F4—°l; at 545 nm, 656 nm and 752 nm, respectively. Among the
three transitions, °Fs—°lg is more intense and very dominant in red region. In the present work, the emission
peak, corresponding to the transition, >Fs—°lg splits into two peaks in all phosphate glasses matrices expect for
Ba glass. The peak to peak separation for Li, Mg and Ca glass matrices are 694, 370 and 412 cm™ respectively.
The splitting was not observed in Ba glass matrix due to structural changes. It is observed that peak to peak
separation is maximum in the case of Li glass and minimum in the case of Mg glass. The peak intensity ratios
I /Isare calculated for all glass matrices. These values are 0.313, 0.810 and 0.961 for Li, Mg and Ca phosphate
glasses respectively. It is observed that intensity ratios are minimum in Li glass and maximum in Ca glass. From
the emission spectra, peak positions (A,), effective band widths (Ave), transition probabilities (Ag), stimulated
emission cross-sections (c.) and radiative branching ratios (Be.) are obtained for the observed emission
transitions of Ho®* doped different phosphate glasses and are presented in Table 5. Among the three transitions,
the transition, °Fs—°lg which falls in green region is much sharper than the others which is the essential
characteristic for luminescent materials. The experimental branching ratios (Bey) are calculated by measuring
the areas under the three emission curves. Among the three emission transitions, the transition, °Fs—°ls shows
higher branching ratios. The branching ratio values for this transition are 0.576, 0.574, 0.584, and 0.673 for Li,
Mg, Ca, and Ba phosphate glasses respectively.

The stimulated emission cross section (o) is one of the important parameters used to know the material
suitable for good optical material. A good optical material has large emission cross-section. The stimulated
emission cross-section values are calculated for all the observed emission transitions of Ho®* doped different
phosphate glasses and are presented in the table 5. Among all the emission transitions of Ho*" ion, o, values are
higher for the transition, (°S,)°F,—°ls compared to remaining emission transitions. Among all the four
phosphate glasses, Li glass shows higher value of simulated emission cross-section. Glass having higher
emission cross-section may be useful for good red luminescent action at the wavelength region 680 nm. Table 6
gives calculated branching ratios (Bg) and integrated absorption cross-sections () of different transitions of
Ho®* doped Li, Mg, Ca and Ba phosphate glass matrices. It is observed that among various transitions, *Gs—"l5,
*Kg—°l; and °F,—°l; are having higher Pr values. The partial energy level diagram along with radiative
emissions from the excited luminescent level °Gs to different lower levels is shown in Fig. 7. Under excitation
of 450 nm, Ho*" ions are excited to uppermost excited levels and then decays non-radiatively to the lower lying
levels (°S,)°F, and °F, excited levels.

3.8 Decay rate analysis

Fluorescence decay curves of the excited level, °Fs of Ho>* ion doped different phosphate glasses are
obtained using the emission and excitation wavelengths, 450 and 345 nm respectively and are shown in Figure
8. From the figure, it is observed that all the decay profiles exhibit non-exponential nature. This nature is due to
the presence of non-radiative channels. Measured lifetimes of the excited level, °Fs of Ho®*" doped different
phosphate glasses are obtained from decay profiles and are presented in Table 7. The lifetime decay constants
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are estimated using the formula given in Ref. [38]. From the table it is observed that the lifetime is higher for Ba
glass and lower for Li phosphate glass. The measured lifetimes of °Fs of Ho®* ion doped different phosphate
glasses are lower than the calculated lifetimes due to the existence of non-radiative channels. The non-
exponential behavior in Ho®* phosphate glass matrices indicates similar local environment of holmium ion for
all glass matrices. The quantum efficiencies (n) are calculated for °Fs level of Ho®* in all the Ho®*" doped
phosphate glass matrices and are presented in Table 7. From the table, it is observed that the quantum efficiency
is higher (80 %) for Li phosphate glass matrix. Hence, Li glass of Ho®" ion are selected for lasing transition in
phosphate glass matrix.

Figure captions:

Fig. 1 (a) XRD profiles and (b) SEM image of 0.5 Mol % Ho** doped different phosphate glasses.

Fig. 2 3'P Solid state NMR Spectra of Ho®" doped different phosphate glasses.

Fig. 3 FT-IR spectra of Ho** doped different phosphate glasses

Fig. 4 Optical absorption spectra of Ho** doped different phosphate glasses.

Fig. 5 Excitation spectra of Ho** doped different phosphate glasses

Fig. 6 Emission spectra of Ho®*" doped different phosphate glasses.

Fig. 7 Partial energy level diagram for Ho®*" doped lithium phosphate glass.

Fig. 8 Decay profiles of Ho** doped different phosphate glasses.
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Table 1 Experimental (fexpxlo'a) and calculated (f.yx10°®) spectral intensities of observed absorption bands of
Ho>* doped different phosphate glasses.

Absorption  Li Mg Ca Ba

band fexp fcal fexp fcal fexp fcal fexp fcal
*Hs+Hs 8.12 8.67 8.13 8.22 8.02 78T 516 534
3G, 3Ky 1.39 1.47 1.49 1.40 1.15 1.39 0.64 0.98
°Gs 7.65 7.93 6.56 6.92 7.34 7.17 4.96 491
°Ge 43.16 4289 4092 40.75 38.99 3779  26.34 26.52
5F, 0.93 1.74 0.827 1.78 1.44 1.74 1.30 1.26
°F, 2.33 2.86 2.61 2.93 2.35 2.86 1.42 2.07
5F4+°S, 9.88 9.70 9.83 9.51 9.90 9.43 6.88 6.73
5Fs 8.07 7.72 7.59 7.28 7.08 7.33 4.85 5.16
Srms +0.56 +0.53 +0.67 +0.38

Table 2 Comparison of J-O parameters (€2, x10?° cm?) and spectroscopic quality factors (x) of Ho** doped
different host compositions

Glass Matrix Q, Q, Qs (64) References
Li 565 3.76 2.38 0.63 Present work
Mg 533 341 2.54 0.74 Present work
Ca 482 348 2.44 0.70 Present work
Ba 332 240 1.78 0.74 Present work
Oxy fluoride tellurite 420 280 1.10 0.39 [30]
LuSiOs Crystal 457 311 142 045 [31]
Gallium Lanthanum Sulphide 6.90 5.50 1.07 0.19 [32]
Oxy fluoride(Si based) 584 2.38 1.75 0.73 [33]

Table 3 Energies (Av, cm™), electric dipole line strengths (5.xx10%° /e? cm? ), radiative transition probabilities
(A, S), radiative branching ratios (Bg) and integrated absorption cross sections (Y'x10) for different excited
states of Ho>* doped lithium phosphate glass.

Transition Av Seq Ay Br >
*H—K; 1731 120.17 17 0 0.28
Gy 1980 79.4 17 0 0.21
°Gs 3767 67.56 9.7 0 0.33
°F, 5629 15.82 7.6 0.001 0.12
Ge 5503 64.6 28.8 0 0.46
Kg 6449 7.01 5 0.001 0.06
°F, 6478 46.65 34 0.004 0.39
°F, 7151 100.17 98.2 0.015 0.94
°F, 9123 169.38 344.6 0.002 2.02
°s, 9370 21.57 47.6 0.003 0.26
°Fs 12190 124.99 606.7 0.002 1.99
51, 15552 5.54 55.8 0.016 0.11
5 16581 30.36 370.9 0.125 0.66
%l 19081 152.97 28478  0.62 381
°l; 22664 453.49 141472 0.185 13.42
®l 27800 73.25 42173 0 2.66
5Ge—Ks 946 75.01 0.1 0 0.05
°F, 975 325 0.1 0 0.05
°F, 1648 60.95 0.6 0.001 0.11
°F, 3620 252.78 27.2 0 1.1
°S, 3867 118.73 15.6 0.015 0.51
°Fs 6687 737.11 499.8 0 5.45
S, 10049 0.75 17 0.002 0.01
5 11078 23.66 72.9 0.011 0.29
%l 13578 61.61 349.7 0.106 0.92
°I; 17161 301.5 34554  0.864 5.72
Slg 22297 1120.25 28160 0 27.61
3Ke—"F, 29 0.86 0 0 0
°F; 702 159 0 0 0
°F, 2674 3.36 0.1 0 0.01
°s, 2921 0 0 0.004 0
°Fs 5741 14.22 4.7 0.002 0.07
S, 9103 2.02 26 0.002 0.02
5 10132 1.13 2 0.025 0.01
%6 12632 8.02 28 0.08 0.09
Sl 16215 12.17 90 0.887 0.17
Sg 21351 59.21 999.4 0.887 1.07
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F,—°F; 673 27.35 0 0.001 0
°F, 2645 42.28 46 0 0.32
°s, 2832 2.16 03 0.008 0.02
SFs 5712 36.85 40.5 0.069 0.61
5, 9074 82.85 365 0.104 2.16
55 10103 89.76 545.8 0.201 2.61
S 12603 89.5 1056.4  0.089 3.24
5 16186 18.78 469.5 0.528 0.87
Slg 21322 48.58 27765 0 2.98
SF,—5F, 1972 85.28 2.8 0 0.35
°s, 2219 331 0.2 0.006 0.02
SFs 5039 71.73 38.7 0.049 0.74
5, 8401 131.01 327.1 0.046 2.26
S5 9403 85.76 302.9 0.092 1.66
S 11930 85.27 609.8 0.347 2.09
°l; 15513 145.25 23089  0.46 4.68
Sg 20649 82.44 30568 0 3.49
SF—°S, 247 6.76 0 0.002 0
S5 3067 140.32 13.3 0.009 0.69
®l, 6429 70.5 61.4 0.032 0.72
®ls 7458 161.93 22.0 0.064 1.93
®l 9958 137.7 4454 0.096 2.19
°l; 13541 81.62 663.8 0.797 1.76
Slg 13677 258.28 55116 O 7.7
Sl 3362 3.2 03 0 0.01
®ls 4391 53.09 12 0.003 0.3
%l 6891 170.97 149.9 0.039 1.54
°l; 10474 236.9 729.5 0.188 3.24
®lg 15610 293.64 29931  0.77 5.99

Table 4 Radiative properties (At in s™), (r in ps ) for certain excited states of Ho** doped different phosphate
glass matrices

Glass "Hs "Ge F3 “Fa

At B At R At In At I At e At IR
Li 22824 11 32588 31 1126 888 5258 190 6647 150 | 6916 145
Mg 22837 44 32421 31 1168 856 5498 182 6826 146 6984 143
Ca 21550 46 30480 33 1122 | 891 5339 187 6671 150 6868 146
Ba 14948 67 21033 48 802 1247 3848 250 4779 209 4892 203

Table 5 Emission band positions (A, (nm)), effective band widths (Ave), transition probabilities (Ag) and
experimental branching ratios (Br ), radiative life times (tr) (us) and peak stimulated emission cross section
(Gex102® cm?) for observed emission transitions of Ho®* doped different phosphate glasses.

Transition Paramstars Li Mg Cs Ba
("8;) Fa—r13 Te 3433 478 3471 3472
Az 3511 3632 3515 1944

fExr 1367 13370 437 I

B 07180 0182 0303 [EE

=Y 134 143 145 104

o g 09 745 837 872
fFi—f1s i 6339 657.1 6825 681.2
As 7993 1066 2931 F0TE

P 4903 1958 4160 373
- 0576 0574 0584 0E73

= 357 79 192 3770

o 145 161 188 150
(“B)°Fa—'T, te 7528 763 752.1 7578
A 664 B18 626 434

Ay 1614 1488 3383 163
B 0244 0234 0261 0.200

= 144 143 143 204

= oTe 149 fi:3] -y

WwWw.ijesi.org 15 | Page



Spectral investigations and emission properties of Ho** doped different phosphate glasses for 2pum ..

Table 6 Branching ratios (Bg) and integrated absorption cross-sections () (10™*2 sec) of certain transitions of
Ho>* doped different phosphate glass matrices.

SHs—I7 3Gs—I7 SKs—I7 SF2—317 SF3—I7 SFa—17 SFs—S1s

Glass

Bz = Br = Br = Br = Br z Br = Bz =

Li 0.185 | 13.42 0.864 | 5.72 | 0.887! 0.17; 0.528 | 0.87 | 0.46 | 4.68 | 0.797 | 1.76 | 0.77 | 5.99
Mg | 0.185 ! 2.65 | 0.866  27.46 | 0.886 1.10! 0.544 | 3.21; 0.483 | 3.76 | 0.806 | 7.85 | 0.769 | 5.92
Ca {0.193 | 2.62 | 0.862 ! 25.69 ! 0.886 ! 1.06 0.538  3.08 ! 0.475 | 3.61 | 0.803 | 7.69 | 0.769 | 5.84

Ba | 0.198 | 1.86 0.86 | 17.76 | 0.886 0.76 ! 0.544 2.24 0.482 ' 2.63 | 0.806 : 5.52 | 0.77 | 4.15

Table 7 Measured (Tmes ps ) and calculated (tey ps) radiative lifetimes and quantum efficiencies (n,%) of °Fs
state of Ho®" in different phosphate glasses.

Glass Ties Teal n

Li 2.06 2.57 80
Mg 2.15 2.79 77
Ca 212 2.92 72
Ba 2.42 3.70 65

1VV. CONCLUSION

In the present work, Ho** doped different phosphate glasses are prepared by melt quenching technique
and characterized through different structural and spectroscopic measurements. XRD and SEM images
confirmed the non-crystalline nature of the prepared phosphate glass. On the basis of )P MAS NMR analysis, a
decrease in the proportion of Q? units in the sequence Li-Ca-Ba-Mg in these different component host glasses
are observed which indicates that these oxides were incorporated into the glass as network modifier oxides.
From the absorption spectra, spectral intensities, J-O intensity parameters (€,, Q4 and Qg), radiative transition
probabilities (Ar), radiative lifetimes (tr) and branching ratios (Bg) are obtained for different phosphate glasses
doped with Ho®* ion. Among the three J-O parameters, Q, has higher for Li phosphate glass which indicated
higher covalency of ligand field. Qg parameter has higher in Mg phosphate glass and lower in Ba phosphate
glass indicating higher and lower rigidies and viscosities. From the emission spectra, peak stimulated emission
cross-sections (o¢) are calculated for the observed emission transitions in four different phosphate glasses doped
with Ho®* ion. Among all the glasses, Li glass matrix showed higher stimulated emission cross-section for
>S,(°F4)—"lg transition. From the emission spectra, experimental branching ratios are also reported. From the
fluorescence decay profiles, it is observed that decay curves exhibit non-exponential behavior for all glass
matrices. Hence, Li phosphate glass doped with Ho* ion can be suitable to produce efficient red laser emission.
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