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ABSTRACT

Five fluoro-phosphate (FP) glasses of different compositions, 49.5P2O5–10AlF3–

10BaF2–10SrF2–10PbO–10M (M = Li2O, Na2O, K2O, ZnO, and Bi2O3), doped

with 0.5 mol% praseodymium were prepared by melt quenching technique. For

these glass matrices, structural, thermal, dielectric, electrical, and optical prop-

erties have been studied. The structures are characterized by XRD, Fourier

transform infrared, Raman spectroscopy, and solid-state 31P and 27Al magic

angle spinning nuclear magnetic resonance techniques. The chemical and elec-

tronic states of these glass materials are characterized by X-ray photoelectron

spectroscopy. The thermal stability for the host glass matrix is estimated from

differential scanning calorimetry technique. From the impedance spectroscopy,

various parameters, viz. electrical conductivity, dielectric constant (e0), and

dielectric losses (tan d), at various frequencies and temperatures have been

measured. X-ray absorption near-edge spectroscopy was used to study the

electronic structure of praseodymium in the host glass matrices. By analyzing

the absorption spectra with Judd–Ofelt theory, three intensity parameters (Xk,

k = 2, 4, 6) are obtained. In turn, these parameters are used to calculate radiative

properties such as emission probabilities (AR), radiative lifetimes (sR), and

integrated absorption cross sections (R) of different Pr3? transitions. Lumines-

cence parameters such as stimulated emission cross sections (rp) and branching

ratios (bexp) have been studied through photoluminescence spectra. Further,

decay time constants are estimated from the decay profiles of Pr3?-doped dif-

ferent FP glasses.
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Introduction

Glass is very flexible and a good host for rare-earth

(RE) ions; it provides high optical transparency and

good RE ion solubility, and it can be transmitted to

almost any shape or size. Glasses doped with RE ions

have been extensively investigated due to their

emission ranging from visible to near-infrared (IR)

regions [1].

Phosphates are very diverse class of compounds

whose properties cover all aspects of material science

and physics. Among different types of glasses,

renewed interest for the selection of fluoro-phosphate

(FP) glass is due to its low melting point, UV to IR

region transparency, low refractive index, low pho-

non energy, and high emission cross sections [2]. The

origin of these properties has been strongly related to

the local order around phosphorous atoms. The

coordination geometry of phosphorous atoms is

decided by the glass composition and the nature of

the glassy network modifiers. In order to dope high

level of RE concentration in the host glass matrix,

glass modifiers are added which breaks the bridging

anion bonds, thus increasing the non-bridging bonds.

Alkali and alkaline earth oxides act as glass modifiers

in the phosphate network former. RE ions are

engaged in the vicinity of non-bridging oxygen

bonds. The main disadvantage of these glasses is

poor chemical resistivity. In this context, fluorine

content is added in the form of a variety of metal

fluorides. Hence, FP glasses contain the properties of

both fluoride and phosphate glasses [3].

In order to interpret the best property–performance

correlation and for improving optical properties, a

better knowledge on the structure of FP glass is

important. The structure of phosphate compounds is

rather complex with various sites available for occu-

pation by divalent/trivalent cations. To gain further

approaching in the structure of host matrices, solid-

state nuclear magnetic resonance (NMR) and X-ray

photoelectron spectroscopy (XPS) techniques are

useful. As NMR is an element-selective method sen-

sitive to the local environments, well suited for dis-

tinguishing different local environments present in

glassy material. The type of phosphate and aluminate

structural units are known by NMR spectra [4].

Among the different RE ions, Pr3? had been stud-

ied extensively for sensor, special band amplification

and IR lasers. Materials doped with Pr3? were

investigated for optical imaging due to the Pr3?

energy level scheme which contains several

metastable multiplets (3P0,
1D2 and

1G4) [5]. Recently,

Zhang et al. [6] studied luminescence and Judd–Ofelt

(J–O) analysis of the Pr3?-doped fluorotellurite glass.

Anjaiah et al. [7] reported luminescence properties of

Pr3? doped Li2O–MO–B2O3 glasses. Burtan-Gwizdala

et al. [8] investigated the influence of Pr3? content on

the luminescence and optical behavior of TeO2–WO3–

PbO–Lu2O3 glass.

The present work is mainly focuses on optimiza-

tion of host FP glass composition which exhibit better

optical, radiative, and luminescence properties.

Structural modifications imposed by the variation of

host glass composition were studied by Fourier

transform infrared (FTIR), Raman, solid-state NMR,

and XPS. Thermal nature is obtained from differential

scanning calorimetry (DSC) thermal profiles. Dielec-

tric and electrical behavior of glassy material was

studied by impedance spectroscopy. To confirm the

oxidation state of praseodymium in the glass system,

X-ray absorption near-edge spectroscopy (XANES)

was undertaken. Further, this study consists of opti-

cal absorption, fluorescence, and emission lifetimes

measurements. In order to predict radiative proper-

ties and to study the radiative transition probabilities

(AR), radiative lifetimes (sR), branching ratios (bR),
absorption cross sections (R), and peak emission

cross sections (rp), J–O theory has been applied to the

absorption spectra.

Experimental

Different FP glasses were prepared from raw mate-

rials with 99.9 % purity phosphorous pentoxide

(P2O5), aluminum fluoride (AlF3), barium fluoride

(BaF2), strontium fluoride (SrF2), lead oxide (PbO),

lithium carbonate (Li2CO3), sodium carbonate (Na2
CO3), potassium carbonate (K2CO3), zinc oxide

(ZnO), bismuth oxide (Bi2O3), and praseodymium

oxide (Pr6O11). Final glass compositions of the pre-

pared glass samples are labeled as follows (in mol%):

1. Li: 49.5P2O5–10AlF3–10BaF2–10SrF2–10PbO–

10Li2O–0.5Pr6O11,

2. Na: 49.5P2O5–10AlF3–10BaF2–10SrF2–10PbO–

10Na2O–0.5Pr6O11,

3. K: 49.5P2O5–10AlF3–10BaF2–10SrF2–10PbO–

10K2O–0.5Pr6O11,

4. Zn: 49.5P2O5–10AlF3–10BaF2–10SrF2–10PbO–

10ZnO–0.5Pr6O11, and
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5. Bi: 49.5P2O5–10AlF3–10BaF2–10SrF2–10PbO–

10Bi2O3–0.5Pr6O11.

The appropriate mixtures of these compounds

were thoroughly crushed in an agate mortar in order

to have proper mixing and homogeneity. The

homogeneously mixed chemicals were taken in

porcelain crucible and melted at 1100–1150 �C for

45 min in an electric furnace depending upon

chemical composition. The melt was cast on a pre-

heated brass plate and pressed by another brass

plate. Then the glasses were obtained. The glass

samples were subsequently annealed in order to

eliminate internal mechanical stresses.

The density was measured according to Archi-

medes’ principle using clean water as an immersion

liquid. The refractive indices of the glasses were

measured using an Abbe refractometer. These values

were found in the range of 1.650–1.652 for all glass

matrices studied. The amorphous nature of host glass

matrices were confirmed through the X-ray diffrac-

tion (XRD) studies using SIEFERT diffractometer

employing Cu Ka radiation at 40 kV applied voltage

and 30 mA anode current with a Si detector. The

range of diffractometer was from 5� to 70� with step

size of 0.02�. SEM images were recorded using Caral

Zeiss EVO-MA15 scanning electron microscope. FTIR

spectra were recorded using a model of Perkin Elmer

spectrum One FT-IR spectrophotometer. Raman

spectra were obtained in back-scattering geometry

with 514 nm line of Ar? laser as an excitation source

at power of 10 mW. The spectral slit width was

1 mm, and accumulation number was 50 s. Solid-

state NMR spectra were recorded to further study the

structural evolution of prepared glasses using JEOL

DELTA 2 NMR at 9.4 T with a 4-mm probe. The

acquisition time was 18 ms and pulse width was

2.9 ls. The spinning speed was 10 kHz. XPS spectra

were recorded using a Thermo Scientific K-Alpha.

Thermal profiles were recorded using DSC on a Seiko

SII DSC 6220 with a Seiko SII EXSTAR 6000PC Sta-

tion under nitrogen flow, at a scanning rate of

10 �C min-1. Dielectric and electrical measurement

were done using HIOKI 3532-50 LCR HiTESTER

(Japan) model. XANES measurements of glass sam-

ples at L3 edge were carried out in fluorescence mode

at the Scanning EXAFS Beamline (BL-9) at the

INDUS-2 Synchrotron Source (2.5 GeV, 100 mA) at

the Raja Ramanna Centre for Advanced Technology

(RRCAT), Indore, India. The beamline uses a double-

crystal monochromator (DCM) which works in the

photon energy range of 4–25 keV with a resolution of

104 at 10 keV. A 1.5-m horizontal pre-mirror with

meridional cylindrical curvature was used prior to

the DCM for collimation of the beam and higher

harmonic rejection. The second crystal of the DCM

was a sagittal cylinder with radius of curvature in the

range 1.28–12.91 m which provides horizontal

focusing to the beam. For measurements in the fluo-

rescence mode, the sample was placed at 45� to the

incident X-ray beam, and the fluorescence signal (If)

was detected using a Si drift detector placed at 90� to
the incident X-ray beam. An ionization chamber

detector is used prior to the sample to measure the

incident X-ray flux (I0), and the absorbance of the

sample (l = If/I0) was obtained as a function of

energy by scanning the monochromator over the

specified energy range. The optical absorption spec-

tral measurements were collected using a Varian

Cary 5000 spectrophotometer in UV–Vis region with

0.01 nm steps and in NIR region with 0.04 nm steps,

with the resolution of\0.05 and\0.2 in the UV–Vis

and NIR regions, respectively. The excitation, pho-

toluminescence spectra, and decay curves of Pr3?-

doped glass samples were recorded using Jobin–

Yvon Fluorolog-3 spectrofluorometer (Horiba FL3-

22iHR320). All these measurements were conducted

at room temperature.

Results and discussion

XRD and SEM analysis

XRD scans were performed for all host glasses. The

XRD pattern of lithium FP glass is shown in Fig. 1.

The inset of Fig. 1 shows the SEM image of lithium

FP glass without diffraction peaks, indicating amor-

phous nature. Similar profile was obtained for other

FP glass samples. So, we did not show for other glass

matrices. These glasses were found homogeneous

and without any particle aggregates indicating

amorphous nature of glasses through SEM analysis.

Vibrational spectroscopy

The chemical structure of the prepared host FP glass

samples was analyzed using FTIR in the range

650–3800 cm-1, and the spectra are shown in Fig. 2.

The absence of sharp like bands in the FTIR spectra
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was an indicative disorder in the FP glass units. The

band at 730 cm-1 was attributed to symmetric

stretching vibrations of P–O–P bridging oxygen

groups [9]. The band at *900 cm-1 was related to

asymmetric stretching vibration of P–O–P and P–F

groups [10]. Asymmetric stretching vibration mode

of P–O–P non-bridging oxygen groups indicated the

band in the range 1065–1085 cm-1. The band at

1240 cm-1 was related to asymmetric P=O vibrations

in all the glass matrices except in bismuth FP glass.

The band at 3730 cm-1 was attributed to symmetric

stretching vibration of OH groups [11].

Raman spectroscopy

The Raman spectra for the different host FP glasses are

shown in Fig. 3. Summary of Raman bands is described

in Table 1. The band at 257 cm-1 belongs to symmetric

stretching vibrations of Bi–O bonds in BiO3 and BiO6

units [12]. The appearance of this band in bismuth FP

glass suggests the structural coordination changes in the

phosphate network. Raman modes observed at

330 cm-1 associated to the network glass structure and

rocking motion of PO4 tetrahedra [13]. The presence of

this band indicates that different modifier oxides act as

network modifiers in the vicinity of phosphate glass

structure. The band at 525–570 cm-1 was associated to

deformationmode of P–F vibrations [14] and the band at

696 cm-1 to symmetric stretching mode of P–O–P link-

ages. The strong band at 1130–1160 cm-1was associated

with symmetric stretching of O–P–O non-bridging oxy-

gen atoms of phosphate group, and the band at

1240–1250 cm-1 was related to symmetric stretching of

P=O terminal oxygen group [15]. In the case of bismuth

FPglass, thisbandwasnotobserved.Thephononenergy

of the host could be defined as the highest vibrational

energy measured from the Raman spectrum, and it was

found to be 1130–1160 cm-1 for FP glasses.

Magic angle spin nuclear magnetic
resonance (MAS NMR) analysis

The 31P and 27Al MAS NMR data were recorded for

all the prepared host FP glasses and are shown in

Fig. 4a, b, respectively. The MAS NMR spectrum ofFigure 2 FTIR transmittance spectra of different FP host glasses.

Figure 3 Raman spectra of different FP host glasses.Figure 1 XRD pattern with SEM image of lithium FP host glass

matrix.
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Table 1 Observed Raman

shifts with corresponding band

assignments

Symbol Raman shift (cm-1) Band assignments

a 257 Bi–O bonds in BiO3 and BiO6 units

b 330 Network modifying groups

c 525–570 Deformation mode of P–F vibrations

d 696 P–O–P bridging oxygens

e 1130–1160 O–P–O non-bridging oxygens

f 1240–1250 P=O terminal oxygens

Figure 4 a 31P, b 27Al MAS NMR spectra of different FP host glasses.

J Mater Sci (2016) 51:8037–8054 8041



lithium FP glass was dominated by the major signal

of Q2 units (phosphate tetrahedral with two bridge

oxygens) with chemical shift of about -20 ppm, and

others were sidebands arise due to anisotropic shifts

(Table 2). These units were related to metaphosphate

units. The signal had a sort of single symmetric peak,

which indicates the existence of no other Q0, Q1, and

Q3 structural units. The absence of these structural

units in lithium FP glass matrix was due to the

availability of sufficient quantity of oxygen bonds.

The observed large linewidths indicate the formation

of non-crystalline state of the prepared glasses. It was

observed that Li, Na, K, Zn, and Bi FP glasses exhibit

strong signal with chemical shifts -20, -31, -33,

-40, and -44 ppm, respectively. With the modifica-

tion in the modifier oxide, chemical shifts became

more negative. The NMR shifts were found sensitive

to the local environment. As more cross connections

are formed in the glass, the charge on the oxygen had

moved away from the P–O bonds, running to the

nuclei becoming more shielded, producing a change

in chemical shift and lead to increased network con-

nectivity. It could thus be distinctly stated that

modifier ions are connected (P–O–M, M = Li, Na, K,

Zn, Bi) exclusively to the phosphate group. The

structural depolymerization was observed from

lithium FP glass matrix to bismuth FP glass matrix

through the appearance of other structural units (Q1,

Q3). This observation is coherent with the Raman

spectral analysis also [16–21].

From Fig. 4b, it is observed that Li, Na, K, Zn, and

Bi FP glasses show intense resonance signals at 2,

-27, -21, -30, and -36 ppm, respectively. Most of

the peaks are assigned due to the octahedrally

coordinated Al. Hence, all the prepared glasses tend

to co-ordinate in the Al(6) structure except lithium FP

glass matrix [22]. In the case of lithium FP glass

matrix, single resonance peak (2 ppm) was observed

which could be assigned to Al(5) coordination of Al3?

ions based on the 27Al NMR spectra. However, other

glass matrices, consist of other additional peaks, i.e.,

Na (0, 6 ppm); K (-3, 33 ppm); Zn (-1, 26 ppm); and

Bi (0, 28 ppm). These additional peaks in the regions

-1 to -3 ppm and 6–33 ppm were assumed to be

Al(5) and Al(4) structural units [23, 24]. All these

glass matrices had symmetric in resonance peak,

which suggests that there are no other dominated

structural coordination units. Hence, they have

coordinated to other atoms in order to satisfy charge

compensation.

X-ray photoelectron spectroscopy (XPS)

The binding energy (B.E.) of the core level spectra is

very informative in terms of the structural role of

cations occupy in glass host. The deconvolution of the

P 2p spectra into two peaks could arise from the spin–

orbit splitting of the P 2p core level, resulting in the

distinguishable P 2P3/2 and P 2P1/2 core levels with the

lower and higher binding energy peaks, respectively.

Such fitting for lithium FP glass matrix is depicted in

Fig. 5a. Oxygen atoms were found more covalently

bonded to phosphate units on both sides. This forma-

tion could be called as bridging oxygens (BO)

(133.5 eV) like P–O–P, M–O–M, and P–O–M (M = Al,

Ba, Sr, Pb, Li, Na, K Zn and Bi). Oxygen atoms were

more ionically bonded (double bonded) to phosphate

units were referred to as non-bridging oxygen (NBO)

atoms like P=O bonding (132.7 eV). Bridging and non-

bridging oxygens had higher and lower binding

energies, respectively. The B.E. values in the prepared

FP glasses centered at 132.7 eV suggest that due to the

O–P–O bonding of the PO2�
4 ;mode corresponds to the

metal-phosphate network [25]. The presence of non-

bridging oxygens have indicated more than one

valence states such as Sr2? and Al3? linked to phos-

phate units. The first component with B.E. 133.5 eV (P
2P1/2) could be attributed to pentavalent tetra-coordi-

nated phosphorus units (pyrophosphate and

orthophosphate) surrounded by different chemical

environments. The second component observed in

P 2p spectrum with B.E. 132.7 eV (P 2P3/2) should be

attributed to the remaining metaphosphate units [26,

27].

Table 2 31P MAS NMR spectra of different fluoro-phosphate

host glasses

Glass Chemical shift d (ppm) Units

Li -20 Q2

Na -31 Q2

-19 Q1

6 Q0

K -33 Q2

-18 Q1

5 Q0

Zn -40 Q3

-20 Q2

Bi -44 Q3

-28 Q2

-2 Q0

8042 J Mater Sci (2016) 51:8037–8054



The deconvoluted spectrum of O 1s for lithium FP

glass matrix is presented in Fig. 5b. The peak loca-

ted at higher B.E. related to BO in P–O–P binding,

while peak located at lower B.E. related to NBO

coming from P–O- and M–O-. From XPS spectrum,

it is observed that in between bridging and non-

bridging oxygens, asymmetric bridging oxygens

(ABO) are present due to the formation of P–O–M

and M–O–M bondings. The BE energy of NBO O 1s

spectra was lower than that of ABO bonding. The

fraction of BO and NBO were very less. The domi-

nated peak represents asymmetric bridging oxygen

group in all the FP glasses. The peak profile of core

level spectra was found independent of glass host

composition. But the variation in intensity was

observed.

Figure 5 a P 2p XPS spectra

of different FP host glasses

b O 1s XPS spectra of

different FP host glasses.
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DSC analysis

DSC curves were recorded for all FP host glass matri-

ces and are shown in Fig. 6a–e. The temperatures of

glass transition (Tg) and crystallization (TC) corre-

sponding to endothermic and exothermic peaks were

obtained from these figures. The difference in Tg and

TC was used to measure the thermal stability (DT) or
the glass forming ability or measure of its disorder in

glassy state of host glass matrices. In between this

temperature interval, the nucleation process takes

place. From DSC analysis, it was observed that the

glass transition temperatures (Tg) were 305, 306, 307,

304, and 300 �C for the Li, Na, K, Zn, and Bi FP glasses,

respectively. The crystallization temperatures were

found to be 380, 382, 393, 404 and 430 �C for the Li, Na,

K, Zn, and Bi FP glasses, respectively. The thermal

stability parameters were found to be 75, 76, 86, 100,

and 130 �C for the Li, Na, K, Zn, and Bi FP glasses,

respectively. DT value changes with respect to com-

positional change. The better thermal stability

(DT[ 100 �C) is found in the case of bismuth FP glass

Figure 6 DSC thermal profiles for the a Li, b Na, c K, d Zn, and e Bi FP host glass matrix.
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(130 �C) than that in the other FP glasses. The higher

thermal stability of the present bismuth FP glass sys-

tem was due to the shifting of symmetric stretching of

O–P–O non-bridge oxygen atoms of phosphate group

which would require large thermal energy. Glasses

which have more disordered structural units were

found to have higher DT magnitudes. When stability

parameter (DT) magnitude is low, the thermal energy

needed to crystallize a glass system is also low.

Dielectric properties

The real (e0) and imaginary (e00) parts of complex

dielectric constant were obtained from the expression

[28]

e � xð Þ ¼ e0 xð Þ þ j e00 xð Þ
e0 ¼ Cpt=Ae0
e00 ¼ e0 tan d

The temperature dependence of e0 for lithium FP

host glasses at selected frequencies is shown in Fig. 7.

It can be noticed from the figure that the rate of

dielectric constant with temperature decreases slowly

up to the 80 �C, and after that, it has increased

rapidly in all FP glasses. This behavior was typical to

the polar dielectrics in which the orientation of

dipoles was facilitated with rising temperature, and

therefore the dielectric constant is increased. At low

temperatures, the contribution of electronic and ionic

components to the total polarizability will be small.

As the temperature has increased, the electronic and

ionic polarizabilities start to increase. The observed

increase in dielectric parameters at higher tempera-

tures was due to large surface charge polarization

near electrodes.

With the increase in frequency above 1 kHz, the

dielectric constant decreases. At lower frequency, the

dipoles align themselves along the applied field and

contribute effectively to the total polarization. At

higher frequency, variation in the applied field was

too fast for the dipoles and unable to rotate freely.

Higher magnitude of e0 at lower frequency and lower

magnitude of e0 at higher frequency was observed for

all the FP glasses. The dielectric constants found at

1 kHz are 0.05, 0.09, 0.10, 0.12, and 0.20 for the Li, Na,

K, Zn, and Bi FP glasses, respectively. The magnitude

of e0 was higher at bismuth and lower at lithium FP

glasses. These changes in magnitude were due to the

increase in depolymerization of phosphate network

from lithium to bismuth FP glasses which was

noticed from Raman and 31P NMR data. This

depolymerization process increases the large number

of non-bridge oxygen’s, i.e., free ions and effectively

contribute for the increase in dielectric constant e0.
Hence, bismuth-based glass system shows higher

dielectric constant. The variation of dielectric loss tan

d exhibited the same trend as was observed in the

case of dielectric constant with temperature, and for

the lithium, FP host glass matrix is shown in Fig. 8. It

was noticed that the dielectric loss has decreased

with an increase in the frequency [29–31].

Figure 7 The temperature dependence dielectric constant of

lithium FP host glass matrix at different frequencies.
Figure 8 The temperature dependence dielectric loss of lithium

FP host glass matrix at different frequencies.
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Electrical properties

Impedance spectroscopy is a good technique for

characterizing electric behavior of a material. Real

(Z0) and imaginary (Z00) parts of impedance can be

expressed as [32, 33]

Z0 ¼ Zj j cos h Z00 ¼ Zj j sin h;

where h is the phase angle. The obtained electrical

conductivity data were explained by the means of

frequency-dependent conductivity spectra. Fig-

ures 9a–e show the impedance spectra for different

FP glasses at selected temperatures. From the fig-

ure (Cole–Cole plots), it was observed that lithium FP

glass matrix had single semicircle which was elec-

tronic in nature. Similar results were observed in the

case of sodium and zinc FP glass matrices. The bulk

resistance (R) of the glass sample was obtained from

the intercept of the imaginary Z00 impedance with real

Z0 impedance axes. The resistance (R) and area (A)

was used to calculate bulk conductivity of the FP

glasses at given temperature, i.e., dc electrical con-

ductivity (rdc) [34]:

rdc ¼ 1=qdc ¼ 1=Rð Þ t=Að Þ;

where rdc is direct current electrical conductivity, R is

the resistance in ohms, t/A is sample geometric ratio, t is

the thickness of glass sample in cms, and A is the elec-

trode surface area in cms. From Fig. 9a (for lithium FP),

it was observed that the semicircle intercepts the

abscissa at higher Z00 values with the increasing tem-

perature, indicating the decrease in dc conductivity.

With the increasing temperature,Z00 value increased up

to 80 �C. As the thermal energy given to the material

was gradually increased, the charge carriers are unable

to overcome the binding energy. Above 80 �C, straight
line appears in the graph, indicating the behavior of

insulator. The appearance of semicircle and straight

lines in the sameglassmaterial indicates the presence of

both localized and non-localized conduction process

[35]. The resistance valueswere found to be 1.5, 2.4, and

15.3 MXat40, 60, and80 �Ctemperatures for lithiumFP

glass matrix, respectively. Sodium and potassium FP

glass matrices have exhibited straight line in Cole–Cole

plots at C60 �C. Potassium and bismuth FP glass

matrices exhibited straight lines C40 �C, indicating the

behavior of insulator. Among all the glass matrices,

lithium has exhibited higher rdc conductivity

(5.29 9 10-8 S cm-1) and zinc has exhibited lower rdc
conductivity (0.15 9 10-8 S cm-1).

X-ray absorption near-edge spectroscopy
(XANES)

Figure 10 shows the XANES spectra of praseody-

mium-doped glass samples at Pr L3 absorption edge

along with Pr6O11 standard. From the figure, it was

observed that the XANES spectra of the all praseo-

dymium-doped samples had similar peak positions

despite the different glass compositions. However,

the white line intensity was found different for each

of the FP glass samples. None of the XANES spectra

matched with the standard spectra of Pr6O11, which

shows that the Pr cation environment in the doped

glass sample was quite different from that in the

Pr6O11 standard. Standard or pure Pr6O11 had two

peaks. One was higher photon energy side (6024 eV),

related to higher oxidation state (Pr4?), and another

one was lower photon energy side (6012 eV), related

to lower oxidation state (Pr3?). As one could expect, a

fraction of Pr4? is reduced to stable Pr3?, and edge

position remains constant upon doping into the FP

glass system. The XANES spectra had a pre-edge

(6044 eV) which might be the result of an asymmetric

or static disorder arrangement of atoms around Pr

cations [36, 37].

Absorption spectroscopy and J–O theory

Figures 11a, b represents the absorption spectra for

Pr3?-doped different FP glasses [38]. The absorptions

takes place from the ground state, 3H4, to various

excited states which are shown in Fig. 11a, b. The

most intense absorption bands were found in the

spectral range 400–500 nm. In this range, the intense

absorption bands observed at 444, 469, and 481 nm

were assigned to the transitions 3H4 ?
3P2,

3P1 ?
1I6,

and 3H4 ?
3P0, respectively. The weak bands

observed at 589 and 1011 nm were attributed to the
3H4 ?

1D2 and 3H4 ?
1G4 transitions, respectively.

The overlapped broad absorption peak at 1520 nm

was assigned to the 3H4 ?
3F4 ?

3F3 transition. The

relatively intensive absorption band at 1941 nm was

assigned to the 3H4 ?
3F2 transition. One very weak

absorption band in the NIR spectral range at 2230 nm

was assigned to the 3H4 ?
3H6 transition. All these

transitions were mainly electric dipole in nature and

only the 3H4 ?
1G4,

3F4,3 transitions had a small

magnetic dipole character. Analysis of experimental

absorption spectra of Pr3? doped FP glasses was

performed using J–O theory [39, 40].
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Figure 9 The complex plane plot of the impedance (-Z00XZ0) for the a Li, b Na, c K, d Zn, and e Bi fluoro-phosphate host glass matrix at

different temperatures.
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Table 3 shows the spectral intensities of different

absorption bands of Pr3? ion for lithium FP glass

system. The difference between experimental and

calculated spectral intensity of excited state for 3P2

was found high, and the average RMS deviation was

calculated at ±0.87. This anomalous behavior of this

transition was due to the small energy difference

between the ground-state configuration 4f2 and the

first excited state configuration 4f15d1. The deviation

is observed in many hosts [5, 41, 42]. Among different

transitions, the transitions 3H4 ?
3P2 (in visible

region) and 3H4 ?
3F3 (in NIR region) had higher

spectral intensity in all FP glasses. Some of the

spectral intensities have sensitive character to the

small change in the surrounding environment. These

transitions are called ‘hypersensitive transitions.’

These transitions obey the selection rules, |DJ| B 2,

|DL| B 2 and DS = 0, which are the same as those of

a pure quadrupole transition [43]. The transition,
3H4 ?

3P2, was the hypersensitive transition for the

praseodymium ion, and the transition intensity

changed significantly with the glass composition.

The J–O parameters were obtained from the least

square approach, and the results are summarized in

Table 4 along with other hosts. The X2 parameter

strongly depends on short range effects, such as

covalency of the RE ion and sensitive to the sym-

metry of RE ion site, while X4 and X6 are long-range

parameters related to the bulk properties of the glass

such as rigidity and viscosity [44]. Covalency was

found to decrease in the order Li ? Na ?

Zn ? K?Bi in Pr3?-doped FP glasses. The obtained

value of X2 parameter in lithium FP glass of

4.86 9 10-20 cm2 was found higher than that in

phosphate [45], ZBLAN [46], fluoride [47], and FP

glasses [48], indicating the higher asymmetry/higher

covalency and lower covalency, compared with

chalcogenide [49] and fluorotellurite [50] glasses,

respectively.

Radiative properties

The J–O intensity parameters (Xk) are widely used to

estimate certain radiative properties and to predict

Figure 10 XANES spectra of standard praseodymium and Pr3?

doped different fluoro-phosphate glasses.

Figure 11 a UV–Vis and b NIR absorption spectra of Pr3?-

doped different fluoro-phosphate glasses.
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luminescence characteristics of certain transitions.

Radiative properties such as total radiative transition

probabilities (AT), radiative lifetimes (sR), branching
ratios (bR), and absorption cross sections (R) for the

excited states and 3P1,
3P0,

1D2, and
3F3 of Pr

3?-doped

different FP glasses are estimated. Among various

states, radiative transition probability was found to

be in the order of 3P0[
3P1[

1D2[
3F3 in all FP

glasses (Table 5). The state, 3P0 had higher transition

probability, i.e., 17525 s-1 in lithium FP glass matrix.

Higher emission probability caused the faster decay

of that emission level and hence reduction of the

lifetime (sR). Among all the excited states, 3F3 state

had higher radiative lifetimes was observed. Among

various transitions, the transitions, 3P1 ?
3H5,

3P0 ?
3H4,

1D2 ?
3H4, and

3F3 ?
3H4, have higher

magnitude of integrated absorption cross sections

and also predicted branching ratios (from J–O theory)

in all FP glasses. Among different FP glasses, lithium

FP glass matrix has higher R values for the transition
3P0 ?

3H4 i.e., 133.6 9 10-16 cm-1. For the remaining

glass matrices, i.e., Na, K, Zn, and Bi FP glasses, R
values are 116.6 9 10-16, 123.2 9 10-16, 118.7 9

10-16, and 98.4 9 10-16 cm-1, respectively, for the

transition 3P0 ?
3H4. Another important radiative

property, the fluorescent branching ratios, bR, for

different emissions levels were calculated and

observed that the transition, 3P0 ?
3H4, had higher

radiative branching ratios (66, 62, 67, 62, and 65 %)

for the Li, Na, K, Zn, and Bi FP glass matrices,

respectively.

Emission analysis

Under the excitation energy 443 nm wavelength, Pr3?

ions are quickly transferred from the ground state to

the higher excited state, 3P0. Because of the small

energy gap between the 3P0 level and to the next

lower level 1D2, these two levels were thermalized at

room temperature. Hence, emission took place from

these two excited levels. It was worth to note that the

remarking that the multiphonon relaxation processes

from higher level to next lower 1D2 level was found

efficient due to small energy gap. Moreover, the gap

between the 1D2 level and the next level, 1G4 is larger,

Table 3 Experimental (fexp) and calculated (fcal) spectral intensi-

ties (910-5) of Pr3?-doped lithium fluoro-phosphate glass matrix

S. no. Transition Li

fexp fcal

1 3P2 6.15 1.29

2 3P1 ?
1I6 1.90 2.41

3 3P0 1.67 1.69

4 1D2 0.55 0.40

5 1G4 0.10 0.11

6 3F4 0.90 1.18

7 3F3 2.58 2.49

8 3F2 1.39 1.39

RMS deviation ±0.87

Table 4 J–O intensity

parameters (Xk, 910-20 cm2)

of Pr3?-doped different fluoro-

phosphate glasses

Glass X2 X4 X6 Trend References

Li 4.86 2.60 1.65 X2[X4[X6 Present work

Na 4.36 2.27 2.45 X2[X6[X4 Present work

K 2.87 2.40 1.81 X2[X4[X6 Present work

Zn 4.08 2.29 2.49 X2[X6[X4 Present work

Bi 2.86 1.92 1.71 X2[X4[X6 Present work

Phosphate 3.42 4.09 4.35 X6[X4[X2 [45]

ZBLAN 2.44 4.41 5.52 X6[X4[X2 [46]

Fluoride 2.50 5.40 6.00 X6[X4[X2 [47]

Fluoro-phosphate 2.75 3.21 3.36 X6[X4[X2 [48]

Chalcogen 9.11 7.50 5.66 X2[X4[X6 [49]

Fluorotellurite 4.76 3.00 5.50 X6[X2[X4 [6]

Table 5 Total radiative transition probability (AT) (s-1) and

radiative lifetime (sR) (ls) of certain excited states of Pr3?-doped

different fluoro-phosphate glasses

Glass 3P1
3P0

1D2
3F3

AT sR AT sR AT sR AT sR

Li 16465 60 17525 57 11561 86 2810 355

Na 15624 64 16305 61 12011 83 3274 305

K 15076 66 15913 62 10470 95 2788 358

Zn 15826 63 16507 60 12082 82 3325 300

Bi 12558 79 13187 75 9133 109 2460 406
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nearly 7000 cm-1, more phonons are required to

bridge the energy gap. Therefore, radiative emission

from the both 3P0 and 1D2 levels to lower ground

state is very high. Two bands corresponding to the

transitions 3P0 ?
3H4 (482 nm) and 3P0 ?

3H6

(610 nm) were considerably more intense than the

other bands related to 3P1 ?
3H5 (525 nm),

1D2 ?
3H4 (595 nm) and 3P0 ?

3F2 (645 nm) [51]. It

was worth to note that the intensities of two emission

transitions were much stronger. However, the spec-

tral shape of this peak was the same for different

glasses and not normally depend on their chemical

compositions (Fig. 12).

Luminescence parameters for the two prominent

emission transitions were calculated for all the glass

matrices and are shown in Table 6. It is noted that the

transition, 3P0 ?
3H4, of Pr

3? was the most probable

emission transition than the transition 3P0 ?
3H6.

Also, it was noted that the predicted radiative tran-

sition probability for the transition 3P0 ?
3H4 of Pr

3?-

doped sodium FP glass (which has high emission

intensity) was 10334 s-1, which was higher than

another kinds of fluorotellurite glass (4576 s-1) [6]

and borate glass (1318 s-1) [7], and lower than

phosphate (30380 s-1) [52] and tellurite (56348 s-1)

[53]. Higher spontaneous emission probability pro-

vides better opportunity to obtain laser actions. The

fluorescence branching ratio is a significant factor to

any optical material, because it characterizes the

possibility of attaining fluorescence from any specific

transitions. Among different transitions, branching

ratio of 3P0 ?
3H4 emission transition was found the

highest one. Therefore, this transition could be con-

sidered as good fluorescent transition. Further, the

magnitude of b parameter was higher for the sodium

FP glass matrix (46 %) and lower (37 %) for bismuth

FP glass matrix. Hence, sodium FP glass could be

considered as more appropriate for lasing material.

The stimulated emission cross section (rp) of

emission transition is one of the important parame-

ters used to identify a good optical material. A good

optical material has a large emission cross section. It

was observed that the transition, 3P0 ?
3H4, showed

higher peak emission cross section, i.e., 2.28 9

10-20 cm2 at kp = 482 nm in sodium FP glass (which

had high emission intensity) which was higher

compared with typical values reported in the litera-

ture for other borate (1.24 9 10-20 cm2) [54] and

lower magnitude than phosphate (5.54 9 10-20 cm2)

[52] glasses.

Decay curve analysis

Fluorescence decay profiles of 3P0 level of Pr
3?-doped

different FP glasses were recorded (kex: 443 and kem:

Table 6 Emission band positions (kp nm), radiative transition probabilities (A s-1), peak stimulated emission cross-sections (rp,

910-20 cm2), and branching ratios (bexp %) of prominent emission transitions of Pr3?-doped different fluoro-phosphate glasses

S.no. Transition Parameters Li Na K Zn Bi

1 3P0 ?
3H4 kp 482 482 482 482 482

AR 11609 10334 10707 10132 8576

rp 2.19 2.28 1.94 1.46 1.18

bexp 39 46 41 45 37

2 3P0 ?
3H6 kp 610 610 610 610 610

AR 1582 2349 1745 2392 1648

rp 0.77 1.34 1.26 0.86 0.68

bexp 19 21 22 21 22

Figure 12 Emission spectra of Pr3?-doped different fluoro-

phosphate glasses.
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482 nm) and are shown in Fig. 13. All the curves

were fitted to bi-exponential function due to the

hydrophilicity content of OH groups in phosphate

glasses and were found to be higher than in silicate,

borate, and tellurite glasses. The coordination of

water molecules produce the severe vibration of the

hydroxyl group, resulting in the large non-radiative

transition and decreasing luminescence efficiency. In

the present work, the average lifetime decay con-

stants for 3P0 excited state were found to be 10, 11, 10,

10, and 11 ls for Li, Na, K, Zn, and Bi FP glasses,

respectively. It was observed that large variation of

glass composition did not influence the measured

lifetimes. Fluorescence decay profiles of 1D2 level of

Pr3?-doped different FP glasses were recorded (kex:
443 and kem: 595 nm) and are shown in Fig. 14. All

the decay profiles were fitted to bi-exponential

function. The lifetimes were found to be 15, 16, 17, 15,

and 14 ls for the lithium, sodium, potassium, zinc,

and bismuth FP glasses, respectively. It is observed

that with change in the glass composition, the life-

times were increased in the order

lithium[ sodium[potassium glass matrices,

whereas for zinc and bismuth, the lifetimes are

decreased for this level. The lifetimes were longer for

the 1D2 level than 3P0 level. In the present work,

lifetimes were found to be 14–17 ls range and rea-

sonable agreement with other reported lead borate

glass [55] and shorter than that of lead telluroborate

[56] and borate [54] glasses.

Conclusions

Pr3?-doped different FP glasses were found to be

homogeneous and amorphous in nature, as con-

firmed by X-ray diffraction patterns and SEM. FTIR

and Raman spectra of the studied FP glasses contain

typical phosphate bonds. Phosphate acted as a net-

work former. All metal oxides entered into the glass

structure as network modifiers. Bi2O3 was incorpo-

rated in the form of BiO3 and BiO6 octahedra into

glass structure as confirmed by the characteristic

Raman band at 273 cm-1. On the basis of 31P MAS

NMR analysis, a decrease in the proportion of Q2

units in the sequence Li ? Na ? K?Zn ? Bi in

these FP host glasses was observed which indicates

that these oxides were incorporated into glass as

network modifier oxides. The better thermal stability

(DT[ 100 �C) is found in the case of bismuth FP glass

(130 �C) than that in the other FP glasses. The

dielectric constants at 1 kHz were found to be 0.05,

0.09, 0.10, 0.12, and 0.20 for the Li, Na, K, Zn, and Bi

FP glasses respectively. The magnitude of e0 was

higher for bismuth and lower for lithium FP glasses.

Among all the glass matrices, lithium exhibits higher

rdc conductivity (5.29 9 10-8 S cm-1) and zinc exhi-

bits lower rdc conductivity (0.15 9 10-8 S cm-1).

From XANES spectra, it was established that the

prepared Pr doped glasses had ?3 as oxidation state.

Among the three J–O intensity parameters in all the

FP glasses, the magnitude of X2 parameter was

Figure 14 Decay profiles of Pr3? doped different fluoro-phos-

phate glasses for the 1D2 level.

Figure 13 Decay profiles of Pr3? doped different fluoro-phos-

phate glasses for the 3P0 level.

J Mater Sci (2016) 51:8037–8054 8051



higher in lithium FP glass which could be attributed

to higher covalency and asymmetry in this glass

matrix. Among various states, radiative transition

probability was decreasing in the order of
3P0[

3P1[
1D2[

3F3 in all FP glasses. We conclude

from above several spectroscopic characterizations

that sodium FP glass is to be considered as an

appropriate candidate for the bright blue luminescent

intensity (3P0 ?
3H4 at 482 nm). This observation

agrees with the results from higher luminescence

intensities, higher radiative transition probabilities,

higher emission cross sections, and more branching

ratios.
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