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A B S T R A C T 

 

Sodium zinc lithium phosphate glasses doped with Nd3+ were 

prepared by the melt-quenching method. The optical, structural, 

and electrical properties of the glass samples were characterized 

by XRD, density, FTIR and UV-VIS analysis. XRD results 

revealed that all the samples are amorphous. DTA analysis 

showed that the transition temperatures of glasses increase with 

Nd2O3 content. FTIR studies revealed that the glasses consist of 

Q3, Q2, Q1 and Q0 structural units. The effect of annealing on the 

absorption coefficient spectra of the samples in the UV-VIS range 

were studied to evaluate the optical energy gap. The dc, ac 

electrical conductivity (σdc and σac) and dielectric constants (ε' and 

ε'') of all the samples have been investigated. Temperature 

dependence of σdc is found to obey Arrhenius law. With increasing 

Nd2O3 content σdc increase while the values of the activation 

energies ΔE1 and ΔE2 decrease. dc conductivity (σdc) and 

activation energies (ΔE1, ΔE2) were found to be affected by 

annealing. The ac conductivity follows the power law σac(ω) = 

Aωs, the exponent s has values between 0.875 and 0.991, 

consequently the obtained results have been analyzed by (CBH) 

model. Conductivity mechanisms for grain resistance at room 

temperature were discussed using the Cole-Cole plot. 
                                         © 2022 Modern Academy Ltd. All rights reserved

 

1. Introduction 

The study of phosphate glasses has attracted much attention because of their applications in high 

technology. Phosphate glasses possess a series of interesting and unique physical properties better than 

other glasses such as hardness, transparency at room temperature, sensing laser materials [1], excellent 

corrosion resistance, low melting temperatures and host for radioactive wastes [2, 3]. For laser application 

glasses used as transmitting optical components and magneto-optic materials [4]. 

Lithium contained glasses are broadly used in the industry of electrochemical devices like solid-

state batteries, glassy electrolytes, and fuel cells. Optical materials containing Li+ ions can display high 

conductivity and used as electro-optic switches, modulators, and optical devices [5]. Many studies declared 

that the physical, structural, and chemical durability of phosphate glasses can be improved by the addition 

of ZnO because Zn2+ ion acts as an ionic crosslinker between different phosphate anions. With the addition 

of ZnO to phosphate glasses, the P―O―P bonds are replaced by a chemical stronger P―O―Zn bond [6]. 
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Therefore, ZnO is an important component for the preparation of multicomponent oxide glasses with low 

tendency of crystallization [7].  

Nowadays, rare-earth doped glasses have been attracting considerable role in the development of 

low-cost integrated laser sources, sensors, integrated optical amplifier, and photodetectors [8,9] such 

glasses have potential applications in the area of glass ceramics in electronic devices [10]. 

This study aims to prepare transparent, bubbles free and stable neodymium-doped P2O5-ZnO-

Na2O-Li2O glassy materials and explain the effect of neodymium doping and annealing temperatures on 

the structural, optical and electrical properties of(40-x) P2O5-20ZnO-25Na2O-15Li2O-xNd2O3glasses with 

x = 0.1, 0.4, 0.9, 1.4, 1.9 mol.%. 

2. EXPERIMENTAL 

2.1. Preparation of the glasses 

     The investigated glasses (40-x) P2O5-20ZnO-25Na2O-15Li2O-xNd2O3 where, x = 0, 0.1, 0.4, 0.9, 1.4, 

1.9 mol.% prepared by the melt quenching technique using high purity analytical grade chemicals 

(NH4)2HPO4, ZnO, Na2CO3, LiCl and Nd2O3 as raw materials. The appropriate quantity of these chemicals 

was weighted and mixed in an agate mortar for about one hour. The weighted batches were heated in an 

electric furnace at 673K for 1/2h in porcelain crucibles to release undesirable gases then melted at 1273K 

for 1h with intermediate stirring to achieve the homogeneity of the melt. So, samples of the desired shape 

were obtained by quenching the melt at 623K on a stainless-steel mold for 2h to eliminate the mechanical 

and thermal stresses produced during casting and left to cooldown at room temperature. The prepared glass 

samples were polished by silicon carbide waterproof abrasive papers of various grades ranging between 

320 and 1000 to achieve good optical transparency sample 

2.2. X-ray Diffraction measurements (XRD) 

     The amorphous nature of synthesized glass samples was checked by PANalytical X’Pert PRO 

diffractometer using CuKα target of wavelength 1.5406 A⁰ and scanning rate 2 ⁰/min. XRD patterns were 

recorded in a 2θ range between 4° and 80°. 

2.3. Density measurements 

     The density (ρ) of the glass samples were determined at room temperature by the standard Archimedes 

method using toluene as an immersion liquid (ρt= 0.86455 gm. /cm3). The density was obtained from the 

relation, 

                                                      ρ = [Wa / (Wa –Wb)] .ρt                                                                          (1) 

Where Wa is the weight of the glass sample in air, Wb is the weight of the glass sample when immersed in 

toluene. The relative error in these measurements was about 1 mg/cm3. Also, the molar volume (Vm) and 

the oxygen packing density (OPD) of the glass samples were calculated by using the molecular weight (M) 

and density (ρ) according to the following relations. 

 

                                                          Vm = M / ρ                                                                                        (2) 

                                                   OPD = 1000 . (ρ / M) . n                                                                          (3) 

Where n is the number of oxygen atoms per unit formula. 

2.4. Differential Thermal Analysis (DTA) 

     The glass transition temperature (Tg) and the crystallization temperature (TC), were evaluated for all the 

prepared glass samples by using SDT Q600 V20.9 and scanned at a heating rate of 10 ⁰C/min. 

2.5. Infrared absorption measurements (FT-IR) 

     The infrared absorption spectra of the (40-x) P2O5-20ZnO-25Na2O-15Li2O-xNd2O3 glasses were 

measured at room temperature in the wavenumber range 400-4000 cm-1 by a Fourier transform 
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computerized infrared spectrometer type, JASCO, FT/112 - 43, Japan. The glass samples were prepared by 

mixing2mg KBr with 200 mg glass powder. Then the weighted mixture was subjected to a pressure of 5 

tons/cm2 to produce clear homogeneous discs. The infrared absorption measurements were measured 

immediately after preparing the discs. 

2.6. Optical band gap 

     The optical absorption of the glass samples was recorded at room temperature using a double beam Cary 

100 spectrophotometer (model UV-12) within the wavelength range 200-900 nm. The uncertainty in the 

wavelength is found to be ±1 nm. 

2.7. Electrical measurements  

     The prepared samples of the (40-x) P2O5-20ZnO-25Na2O-15Li2O-xNd2O3 glasses were coated with 

silver paste on both sides for dc and ac electrical conductivity measurements. 

The dc and ac electrical conductivity σ for the prepared samples was carried out in the temperature range 

(303 - 473K). The sample temperature was measured and controlled by using a calibrated Chromel-Alumel 

thermocouple connected to (TCN4M-24R Aulonics-Korea) temperature controller. For ac electrical 

conductivity measurements, a programmable automatic LCR bridge (Hioki, 3532-50) was used in a wide 

frequency range (42Hz to 5MHz). 

 

3. RESULTS AND DISCUSSION 

3.1. X- ray Diffraction (XRD) 

     XRD Patterns of the (40-x) P2O5-20ZnO-25Na2O-15Li2O-xNd2O3 glasses where x = 0, 0.1, 0.4, 0.9, 1.4, 

1.9 mol.%are shown in Fig.1(a). The presence of one broad humps in the range of 2θ from 15⁰to 

40⁰confirming the amorphous nature of the glass. There is no change in the nature of glass (amorphous) 

after annealing the glass samples for 16 hours at 623K as shown in Fig.1 (b).  
 

 

 
Fig.1. XRD patterns of the (40-x) P2O5-20ZnO-25Na2O-15Li2O-xNd2O3glasses with different concentrations of  Nd2O3mol.% (a) 

before annealing, (b)annealed at 623K for 16h.  

 

3.2. Density measurements 

     The values of both density (ρ) and molar volume (Vm) for the prepared glass samples with different 

compositions of Nd2O3 before and after annealing at 623K for 16h have been evaluated and their values are 

given in Table 1. The molecular weight of Nd2O3 (336.48 g/mol) is heavier than the molecular weight of 

the other compounds (the molecular weight of ZnO, P2O5, Li2O andNa2O are 81.38, 141.94, 29.88, and 

61.98 g/mol, respectively) and hence the glass matrix becomes denser when Nd3+ ions are introduced as a 
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dopant into the zinc sodium lithium phosphate glass network [11]. The molar volume (Vm) decreases 

linearly with increasing the Nd2O3 content, this indicates a compact structure with less polymerization due 

to the shortened chain which confirming that the glass network became well compactable. Oxygen packing 

density (OPD) is a measure of the tightness of packing of the oxide network which increases linearly with 

increasing the Nd2O3 content as in Table 1, which is an indicator for the increase of the compactness in the 

glass system. 

Neodymium ion concentration (NNd), polaron radius (rp), mean inter-ionic distance (ri) and field 

strength (F) was calculated by the relations: 

 

Neodymium ion concentration (NNd); 

  

                                                   NNd = ( mol.% of Nd) NA.ρg / Mw                                                 (4) 

Polaron radius (rp); 

                                                   rp = ½ (π / 6 NNd)1/3                                                                           (5) 

 

Inter-ionic distance (ri);  

                                                   ri = ( 1 / NNd)1/3                                                                           (6) 

   

Field strength (F); 

                                                   F = Z / rp
2                                                                                        (7) 

  

Where Z is the ion valency. The calculated values of rp, ri and F are given in Table 1. The observed decrease 

in rp and ri with increasing Nd2O3 are related to the increased value of Nd-concentrations. This leads to a 

decrease in Nd–O distance and as a result the Nd–O bond strength increases, producing stronger field 

strength around Nd3+ ions [12].  

The electronic polarizability of oxide ions(αe) is considered to be one of the most important 

properties of oxide glasses which are related to their applicability in the field of electronics and optics. This 

can be calculated from the electronegativity of the glass sample.  

 

                                                   αe = 4.624 – 0.7569 χav                                                              (8) 

 

where χav is the average electronegativity of the compound χav =∑ (r χini / N)N
i=1 .(χi)is Pauling 

electronegativity [Li=0.98, Na=0.93, O=3.44, P=2.19, Zn=1.65, and Nd=1.14], ni is no. of atoms in the ith 

element, N is no. of elements in the compound and r is doping percent).  

Theoretical optical basicity (Λth) of present glasses has been calculated by the following relation: 

 

                          Λth= XP2O5ΛP2O5 + XZnOΛZnO+ XNa2O ΛNa2O + XLi2O ΛLi2O + XNd2O3 ΛNd2O3                        (9) 

 

Where XP2O5, XZnO, XNa2O, XLi2O, and XNd2O3 are equivalent fractions of P2O5, ZnO, Na2O, Li2O and Nd2O3 

based on the amount of oxygen and ΛP2O5, ΛZnO, ΛNa2O, ΛLi2O, and ΛNd2O3are optical basicity values assigned 

to the individual oxides, respectively. Here the values of ΛP2O5 = 0.48, ΛZnO = 0.95, ΛNa2O =1.15, ΛLi2O = 1 

and ΛNd2O3 = 1.33 were obtained from the literature [13, 14]. The obtained values of Λth are summarized in 

Table 1. It is observed from Table 1 that the theoretical optical basicity increases with increasing Nd2O3 

content. The increase in the theoretical optical basicity leads to increase covalency of the cation–oxygen 

bonds of the studied glasses [15]. 
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Table 1: Density (ρ), molar volume (Vm), oxygen packing density (OPD), Nd3+ Ion concentration (NNd), 

Polaron radius (rp), inter ionic distance(ri), field strength (F), electronic polarizability(αe) and basicity 

(Λth) of the prepared (40-x)P2O5-20ZnO-25Na2O-15Li2O-xNd2O3 glasses (0 ≤ x ≤ 1.9 mol. %). 

 
 

The composition of 

Nd2O3 (mol.%) 
0 0.1 0.4 0.9 1.4 1.9 

ρ(g/cm3) 2.8077 2.9 2.95 2.991 3.01 3.246 

Vm (cm3/mol.) 33.134 32.147 31.8 31.689 31.812 29.8 

OPD (g.atom/l) 78.468 80.816 81.51 81.48 80.85 85.976 

NNd(x 1021 ions/cm3) 0 1.873 7.575 17.10 26.50 38.40 

rp  (A
ₒ) 0 3.27 2.052 1.56 1.352 1.194 

ri  (A
ₒ) 0 8.11 5.092 3.88 3.354 2.964 

F ( x 1016) (cm-2) 0 0.280 0.712 1.23 1.641 2.104 

αe  (A
ₒ 3) 2.914 3.344 3.350 3.359 3.369 3.379 

Λth(A
ₒ -3) 0.8195 0.8203 0.8229 0.8271 0.8314 0.8356 

 

 

3.3. Differential Thermal Analysis (DTA) 

 

     The variation of DTA curves of the (40-x) P2O5-20ZnO-25Na2O-15Li2O-xNd2O3 glasses where, x = 0, 

0.1, 0.4, 0.9, 1.4, 1.9 mol.% are represented in Fig.2. The DTA curves are characterized by an endothermic 

peak corresponds to glass transition temperature (Tg) and exothermic peak which corresponds to the 

crystallization temperature (TC) [16].The non-bridging oxygens disrupt the long chains and break the 

chemical bonds [2].A parameter (ΔT) was obtained from ΔT =TC – Tg which, can be used in the 

measurements of the glass thermal stability H' = ΔT / Tg [17, 18]. The characteristic temperatures are 

calculated and tabulated in Table 2. The value of glass thermal stability H' for the glass sample with Nd2O3 

content 0.9 mol. % is found to be maximum, which indicates its highest thermal stability than other glasses 

as represented in the inset of Fig.2. 
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Fig.2 DTA curves of the prepared glass samples with different concentration of Nd2O3 mol. %. The inset shows the thermal glass 

stability (H') for different concentration of Nd2O3 mol. %. 

 

 

Table 2: Thermal constants observed from DTA for the prepared glass samples with different 

concentration of Nd2O3 mol. %. 

 

The composition of Nd2O3 

(mol. %) 

Glass transition 

temp. 

Tg(K) 

Crystallization 

temp. 

TC(K) 

ΔT = Tc - Tg 

(K) 

Glass thermal 

stability 

H' = ΔT / Tg 

0 545.6 615.6 70 0.128 

0.1 548 618 70 0.128 

0.4 550 631 71 0.129 

0.9 553 635 82 0.148 

1.4 555 635 80 0.144 

1.9 561 635 74 0.132 

 

 

3.4. Infrared absorption measurements (FTIR) 

     FTIR spectra of the (40-x) P2O5-20ZnO-25Na2O-15Li2O-xNd2O3 glasses where x = 0, 0.1, 0.4, 0.9, 1.4, 

1.9 mol.% in the frequency range of 400-4000 cm-1 are shown in Fig.3 and tabulated in Table 3. The FTIR 

results revealed that the glasses' structure network mainly consists of (O = P―O) in Q3, (P―O―P) in Q1 

and Q2, PO2 in Q2 and PO4
3- in Q0. If the modifier content increases in the phosphate matrix, phosphate 

structural units may be changes from Q3 → Q2→ Q1→ Q0 [19]. The change in structural units from Q3 to 

Q0 provides non-bridging bonds with less polymerization, which forms rigid structures due to the shortened 

chain length. This observation is confirmed by density and molar volume discussion of the investigated 

glasses. It is observed also from Fig.3 that bonds of (P―O―P) asymmetric and symmetric stretching modes 

shift toa higher frequency as the Nd2O3 mol.% content increases. This shift can be explained to the increase 

in the covalent character of (P―O―P) bonds and indicates that (P―O―P) bonds are strengthened as Na2O 

and P2O5 substituted byNd2O3. The shift of these bands at a higher region (525 →542cm-1) and (729 → 741 

cm-1), designates the bending vibration of (O=P―O) bonds, and P―O―P symmetric stretching group in 

the Q1 structural units respectively [20, 21]. The band between (900→906 cm-1) corresponding to the 
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asymmetric stretching vibration of (P―O―P) groups in the Q2 structural unit [22]. Also, the bands (984→ 

995 cm-1) and (1102 → 1116 cm-1) are due to symmetric stretching of (PO4
3-) group in the Q0 structural 

unit [23]. The asymmetric stretching modes of (PO2) group in the Q2 structural unit have appeared in 

(1286→1289cm-1) [24]. The band 1383 cm-1 has appeared in all the Nd2O3 doped glass which referred to 

the stretching mode of P=O [25]. It can be observed that in all glasses these bands(1620 → 1641 cm-1) and 

(2284 → 2360 cm-1) are due to the bending vibration of H2O molecules [26,27].A certain shift in the band 

(3419 → 3470 cm-1) presents in all the investigated glass samples is associated with the oscillations of 

symmetric stretching of (O―H) group [28].A certain shift in this band at a higher region designates the 

enhancement of (OH) group. 
 

 

Fig. 3 FTIR spectra of the (40-x) P2O5-20ZnO-25Na2O-15Li2O- xNd2O3 glasses with different concentrations of Nd2O3 mol.%. 

 

Table 3: FTIR bands of the (40-x) P2O5-20ZnO-25Na2O-15Li2O- xNd2O3glasses (0 ≤ x ≤ 1.9 mol. %) 

 

  
Wave numbers 

(cm-1) 
   Assignments 

X=0 X=0.1 X=0.4 X=0.9 X=1.4 X=1.9  

525.22 532.69 527.91 528.30 531.35 542.24 Bending vibration of (O=P―O) bond 

741.92 734.53 734.54 729.47 730.03 733.85 
Symmetric stretching of (P―O―P) 

group in Q1 structural unit 

900.47 906.62 901.67 904.41 904.51 901.04 
Asymmetric stretching of (P―O―P) 

group in Q2 structural unit 

993.19 995.41 988.52 991.31 987.14 984.01 
Symmetric stretching of ( )group in 

Q0 structural unit 

1116.19 1103.06 1100.49 1102.14 1105.39 1102.41 
Symmetric stretching of ( ) group in 

Q0 structural unit 

1289.60 1273.24 1275.70 1272.02 1268.62 1271.78 
Asymmetric stretching of (PO2) group in 

Q2 structural unit 

---- 1383.68 1383.38 1383.70 1383.82 1383.37 Stretching mode of P=O 

1641.72 1631.36 ---- 1620.54 1632.70 ---- Bending vibration H2O molecule 

2284.15 2350.39 2350.41 2360.21 2359.50 2349.28 Bending vibration of (H2O) molecule 

3470.57 3423.41 3440.70 3423.09 3419.62 3431.32 
Oscillations due to symmetric stretching 

of  O―H group 
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3.5. Optical band gap 

     The optical measurements are productive tools for understanding the band structure and evaluating the 

bandgap width and optical parameters of disordered materials.  

Fig.4 (a, b) show the absorption coefficient before and after annealing for 16h at 623K for the               

(40-x) P2O5-20ZnO-25Na2O-15Li2O-xNd2O3 glasses where x = 0, 0.1, 0.4, 0.9, 1.4, 1.9mol.%. The 

absorption coefficient for the glass samples with different concentration has been calculated from this 

relation [29, 30]: 

 

                                                 α(υ)  =  (1/t).ln =  (1/t).ln A                   (10) 

 

Where T is the transmittance, t is the thickness of the glass sample, and A is the absorbance. 

The absorption coefficient for these glasses(40-x) P2O5-20ZnO-25Na2O-15Li2O-xNd2O3 is related 

to the photon energy (hυ) which is given by the relation: 

 

                                                  α(υ)  =  const. . (hυ – Eg)n  / hυ           (11) 

 

where the const. is dependent on the transition probability, Eg is the width of the bandgap and n is an index 

that characterizes the optical absorption processes in all investigated glasses and is equal to 2, 1/2, 3, 3/2 

for an indirect allowed, direct allowed, indirect forbidden, and direct forbidden transition respectively [31]. 

For the amorphous material, the transition processes are usually corresponding to the indirect transition 

therefore, the optical band gap (Eg) can be determined by extrapolating the linear part of curve to the hυ 

axis where(αhυ)1/2=0 as shown in Fig.5(a, b) before and after annealing for the (40-x) P2O5-20ZnO-25Na2O-

15Li2O-xNd2O3 glasses. So, the optical band gap energy was calculated for such glasses by linear fitting of 

the high absorption regions. The intersection on hυ-axis corresponded to the optical band gap Eg with 

(αhυ)1/2 equals zero.   

          In the present study, the energy gap can be presented as in the inset of Fig.5 (a, b) for different 

compositions of Nd2O3 where, x=0, 0.1, 0.4, 0.9,1.4, 1.9 mol.%. It is found that the energy gap Eg decreases 

from 3.217 to 2.66 eV before annealing and decreases from 2.72 to 2.33 eV after annealing by increasing 

Nd2O3 content. 

The refractive index (n) is considered to be one of the most important optical parameters of 

materials which is related to the electronic polarizability of ions and the local field of the material [32]. The 

refractive index is related to the optical bandgap of the glass through the following: 

 

                                                  [(n2 -1) / (n2+2)] = 1- √Eg/20                       (12) 

 

The increasing values of the refractive index with increasing Nd2O3content are understood in terms of the 

formation of NBO in the glass matrix [33]. This means that the presence of Nd2O3 in glass can act as a glass 

modifier and lead to increase NBO bonds inside the glass matrix.  

The metallization criterion, M, can be used for predicting metallic or insulating behavior in the        

solid-state material and is given by [34]: 

 

                                                                    M = 1 – [(n2 -1) / (n2 +2)]                                               (13) 

 

Where n is the refractive index, the values of M are listed in Table 4. It is found that the present glasses 

exhibit an insulating nature. 

The optical conductivity is most conveniently studied to indicate the optical response of a material. 

The optical conductivity (σopt) has been determined from the relation [35] σopt = αnc/4π, where c is the 

velocity of light, α is the absorption coefficient n is the refractive index. Fig. 6 shows the plot of optical 

conductivity versus wavelength before and after annealing for the prepared glass samples. The optical 

conductivity directly depends on the absorption coefficient, and the refractive index of the material and it 

has the same trend as that of the absorption coefficient with increasing wavelength.  
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Table 4: energy gap (Eg), refractive index (n) and metallization criterion (M) before and after annealing 

of the prepared (40-x) P2O5-20ZnO-25Na2O-15Li2O- xNd2O3glasses (0 ≤ x ≤ 1.9 mol. %). 

 

 

 

Fig. 4 Absorption coefficient spectra of the (40-x) P2O5-20ZnO-25Na2O-15Li2O- xNd2O3 glasses with different 

concentrations of Nd2O3 mol. %(a) before annealing and (b) after annealing for 16 hours at 623K. 

 

 

Fig. 5: Variation of (αhυ)1/2with hυ (eV) for the (40-x) P2O5-20ZnO-25Na2O-15Li2O- xNd2O3 glasses with different 

concentrations of Nd2O3mol %(a,b) before and after annealing for 16 hours at 623K. The inset shows the variation 

of Eg (eV) with the concentration of Nd2O3mol %. 

Composition of Nd2O3 (mol.%) 0 0.1 0.4 0.9 1.4 1.9 

Before annealing       

Eg (eV) 3.217 3.14 3.04 2.85 2.77 2.66 

N 2.341 2.361 2.386 2.436 2.463 2.494 

M 0.401 0.396 0.390 0.370 0.372 0.365 

After annealing (16 hours at 623K)       

Eg (eV) 2.72 2.64 2.61 2.50 2.36 2.33 

N 2.476 2.503 2.512 2.544 2.592 2.607 

M 0.369 0.363 0.361 0.354 0.344 0.341 
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Fig. 6 Variation of optical conductivity σopt. (sec-1) with λ (nm) for the (40-x) P2O5-20ZnO-25Na2O-15Li2O- x 

Nd2O3 glasses with different concentrations of Nd2O3 mol. %(a, b) before and after annealing for 16 hours at 623K. 
 

 

3.6. Electrical conductivity 

3.6.1. DC electrical conductivity 

The temperature dependence of dc electrical conductivity of the (40-x) P2O5-20ZnO-25Na2O-

15Li2O-xNd2O3 glasses where, x = 0, 0.1, 0.4, 0.9, 1.4, 1.9 mol.% before annealing are shown in Fig.7 (a).  

The data fit the Arrhenius equation:      
 

                                                            σdc = σoexp (-Ea / kT),                                                (14) 

 

σo is the pre-exponential factor which including the charge carrier mobility and density of states, Ea is the 

thermal activation energy for conduction and k is the Boltzmann constant. There are two linear regions of 

conductivity that gave two activation energies ΔEdc1 for high temperatures (403-473K) region and ΔEdc2 for 

low temperatures (303-383K) region which arise from impurity scattering. 

The variation of σdc at room temperature and the activation energies ΔEdc1 and ΔEdc2 with the 

concentration of Nd2O3 (mol. %) before annealing are represented in the inset of Fig.7 (a). It is clear from 

the inset of Fig.7 (a) that σdc increases from 1.027x10-5 to 1.67x10-5 (Ω-1.cm-1) with increasing of Nd2O3 

content. The phosphorus ions were gradually replaced by neodymium ions because the amount of glass 

former Na2O was fixed at 25 mol.%, Li2O was fixed at 15 mol.% and glass modifier ZnO was fixed at 20 

mol.%. Such behavior is likely to arise due to structural changes occurring in the phosphate network. The 

activation energies ΔEdc1 and ΔEdc2calculated from analysis of Ln σdc versus 1000 / T plots are found to 

decrease with increasing Nd2O3 content. 

After annealing, the variation of σdc at room temperature and the activation energies ΔEdc1 and ΔEdc2 

with the concentration of Nd2O3 (mol. %) are represented in the inset of Fig.7 (b). So, σdc increases from 

1.29x10-5 to 2.49x10-5 (Ω-1.cm-1) with increasing of Nd2O3 content. Also, the activation energies calculated 

from analysis of Ln σdc versus 1000 / T plots are found to decrease with increasing Nd2O3 content. 
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Fig. 7:(a) Variation of Ln σdc with1000/T and the inset shows the Variation of ΔEdc and σdc for different 

concentration of Nd2O3 before annealing. (b)Variation of Ln σdc with 1000/T and the inset shows the Variation of 

ΔEdc and σdc for different concentration of Nd2O3 after annealing for 16 hours at 623k. 

 

3.6.2. Complex impedance analysis 

Complex impedance is a powerful technique for the characterization of electrical properties 

of polycrystalline samples such as conductivity, dielectric behavior …. etc. It may be used to 

explain the dynamics of mobile or bound charges in the grain or grain boundaries. The 

expression of real (Z') and imaginary (Z'') components of the impedance (Z) can be expressed 

by the following relationships: 

                                                                  Z = Z' – jZ''                                                             (15) 

                                                                  Z' = Z cos Q                                                             (16) 

                                                                  Z'' = Z sin Q                                                                 (17) 

Where Q = 1 / [C.Z.(2Πf)] 

 

Fig. 8 shows the plot of Z' versus Z'' (Cole-Cole plot) for the prepared glass samples with 

different compositions of Nd2O3 at constant temperature (423K) (a) before annealing, (b) after 

annealing for 16 hours at 623K. Fig. 9 shows the plot of Z' versus Z'' (Cole-Cole plot) for the 

prepared glass samples with different temperatures at constant composition (0.1 mol. % of 

Nd2O3) (a) before annealing, (b) after annealing for 16 hours at 623K. The impedance plots of 

all the samples were found to exhibit a good single semicircle starting from the origin over the 

entire range of temperature and the composition studied. The absence of the second semicircle 

in the complex impedance plots indicates that the glass samples have only a grain effect on the 

conductivity mechanism at room temperature. The values of dc conductivity were calculated 

by taking the intersection points of semicircles on the Z' axis [36]. Figures 8, 9(a) illustrated 

that the diameter of the semicircle decreasing, and the intersection points of the semicircles 

shifted to lower Z' values with increasing temperature and with increasing Nd2O3 content in 

glass samples which suggests that the value of grain resistance is decreasing and σdc increasing 

with increasing temperatures and the value of grain resistance is decreasing to minimum. 

After annealing, Figures 8, 9 (b) illustrated that the annealing cause the diameter of the 

semicircle decreasing again and the intersection points of the semicircles shifted to lower Z' 

values with increasing temperature and with increasing Nd2O3 content in glass samples. 

To compare the obtained data of σdc calculated from Cole-Cole and σdc calculated from σt 

versus frequency are listed in Table 5. It is clear that σdc (Cole-Cole) and σdc (σt vs. f) 

approximately have the same values. 



N. F. Osman et al./ The International Journal for Engineering and Modern Science- IJEMS 1(1) (2022) 22005 

pg. 12                                                                                                                                                                                 

 

 

 

Table 5: values of σdc (Cole-Cole) and σdc (σt vs. f) at different temperatures (for constant concentration 

0.1% Nd2O3 mol. %) before and after annealing. 

 

Temperature T (K) 403 423 443 463 473 

Before annealing      

σdc (Cole-Cole) 3.1 * 10-5 4.43 * 10-5 6.66 * 10-5 8.45 * 10-5 9.73 * 10-5 

σdc (σt Vs f) 3.30 * 10-5 4.54 * 10-5 6.87 * 10-5 8.6 * 10-5 9.80 * 10-5 

After annealing (16 hours at 623K)      

σdc (Cole-Cole) 3.94 * 10-5 5.42 * 10-5 7.30 * 10-5 9.58 * 10-5 1.11 * 10-5 

σdc (σt Vs f) 4.07 * 10-5 5.43 * 10-5 7.48 * 10-5 9.61 * 10-5 1.09 * 10-5 

 

Fig. 8: Cole-Cole plots for glass samples with different concentration of Nd2O3at constant temperature 423 K (a) 

before annealing and (b) after annealing for 16 hours at 623k. 

 

Fig. 9: Cole-Cole plots of Z' and Z'' for glass sample containing0.1% Nd2O3 (mol. %) at different temperatures (a) 

before annealing and (b) after annealing for 16 hours at 623k. 
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3.6.3. AC electrical conductivity 

The ac conductivity σac can be described by Eqn. (18) Where, σt is the total conductivity and σdc is 

the dc conductivity at zero frequency (ω = 0). At very low-frequency region σdc is independent of frequency 

and appears as a flat dc plateau in this region of frequency. The ac conductivity is approximately 

independent of the frequency at lower frequencies, but more frequency-dependent in high-frequency region. 

The ac conductivity follows the relation: 

                                         σac (ω) = σt - σdc (ω = 0)                                          (18) 

In this relation, the dc conductivity is taken to represent the ac conductivity at ω tends to zero. The ac 

conductivity has been analyzed used Almond-West type power-law with a single exponent [37]. 

                                       σac = A .ωs                                            (19) 

Where A is a temperature-dependent constant, ω = 2πf is the angular frequency and s is the frequency 

exponent which is temperature dependent. Such a dependence on temperature determines the ac conduction 

mechanism that depend on material. 

 

3.6.4. Frequency and temperature dependence of ac electrical conductivity 

Fig.10 (a)shows the frequency dependence of ac electrical conductivity at different temperatures for 

the  (40-x) P2O5-20ZnO-25Na2O-15Li2O-xNd2O3glasses (with x = 1.4mol. % Nd2O3) before annealing. The 

ac conductivity behavior of all the other glass samples (with x = 0, 0.1,0.4, 0.9, 1.9 mol. % Nd2O3) is 

qualitatively similar. 

The increase of σac with increasing frequency suggests that hoping conduction prevails and the increase of 

the applied frequency enhances the hopping of charge carriers between the localized states [38]. Also, the 

annealing improving the increase in σac as illustrated in Fig. 10 (c).   

The values of the exponent s (Eqn.19) were calculated from the slopes of these lines at different 

temperatures. The temperature dependence of s for all the prepared glass samples with different 

concentrations before annealing is shown in Fig.10 (b) in which s decreases with increasing temperature 

and the concentration of the Nd2O3.Also, it was found that for all the prepared glass samples s values are 

significantly lower than unity and lie between 0.878-0.991. After annealing, the values of the exponent s 

were also calculated and had values lie between 0.875-0.990 which is lower than those values calculated 

before annealing as shown in Fig. 10 (d). 

According to correlated barrier hopping (CBH) model values of s decrease with increasing temperatures 

which is in good agreement with the obtained results shown in Fig.10 (b, d). Accordingly, the frequency 

dependence of σac can be explained in terms of the CBH model. This model first developed by Pike [39] for 

single-electron hopping and has been extended by Elliot and Chen [40, 41] for simultaneous two-electron 

hopping. Fig.11 (a, b) shows the variation of Ln σac with the reciprocal of temperature 1000 / T in the 

investigated temperature range at different frequencies for the (40-x) P2O5-20ZnO-25Na2O-15Li2O-xNd2O3 

glasses (with x = 1.4mol. % Nd2O3) before and after annealing. This dependence of ac conductivity on 

temperature suggests that the ac conductivity is a thermally activated process. The value of the activation 

energies ΔEac has been calculated from the slope of Ln σac versus 1000 / T curves.  

Fig.11 (c, d) shows the variation of the activation energies ΔEac with the concentration of Nd2O3 mol. 

% at different frequencies before and after annealing. It is found that the activation energies ΔEac decrease 

with an increase of Nd2O3 concentration [42]. 

The variation of ac activation energies ΔEdc and σdc with the concentration Nd2O3 mol.% at constant 

frequency (3MHz) and at room temperature before and after annealing was illustrated in Table 6. 
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Fig. 10: Frequency dependence of σac for glass containing 1.4mol.% Nd2O3 at different temperatures (a, c) before 

and after annealing for 16 hours at 623k and temperature dependence of the frequency exponent (s) at different 

concentrations ofNd2O3 (mol. %) (b, d) before and after annealing for 16 hours at 623k. 

 

 

Fig. 11: Temperature dependence of ac conductivity for glasses 1.4 mol.% of Nd2O3 at different frequencies (a, b) 

before and after annealing for 16 hours at 623K and the variation of ac activation energies ΔEac and ΔEac with the 

concentration of Nd2O3mol.% at different frequencies (c, d) before and after annealing for 16 hours at 623k. 
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Table 6: Values of σac and ΔEac with different concentrations ofNd2O3 (mol.%) before and after annealing 

at constant frequency (3 MHz) and at room temperature. 

Composition of Nd2O3 

(mol.%) 
0 0.1 0.4 0.9 1.4 1.9 

Before annealing       

σac (Ω.cm)-1 
8.73 * 

10-5 

1.350 * 

10-4 

1.656* 

10-4 

2.442* 

10-4 

2.56 * 

10-4 

2.622 * 

10-4 

ΔEac (eV) 0.090 0.0805 0.063 0.061 0.059 0.055 

After annealing (16 hours 

at 623K) 
      

σac (Ω.cm)-1 
2.31 * 

10-4 

4.174 * 

10-4 

6.715 * 

10-4 

1.209 * 

10-3 

1.55 * 

10-3 

1.94 * 

10-3 

ΔEac (eV) 0.0862 0.077 0.0596 0.057 0.0537 0.052 

 

3.6.5. Temperature and frequency dependence of dielectric constant ε' and ε'' 

The complex dielectric constant of the investigated samples is formulated with two parts,            

ε = ε' + i ε''; where ε' is the real part of dielectric constant and it is a measure of the energy, 

stored from the applied electric field in the material and identified the strength of alignment of 

dipoles in the dielectric. ε'' is the imaginary part of dielectric constant and it is the energy 

dissipated in the dielectric. ε' and ε'' were evaluated using the following relations: 

 

                                                   ε' = C L / εoA                                       (20) 

 

                                                   ε'' = ε'tan δ                                       (21) 

 

Where C is the capacitance of the sample, εo is the free space permittivity, L is the sample thickness 

and A is the area and tan δ is the dissipation factor. 

The imaginary part of dielectric constant ε'' of (40-x) P2O5-20ZnO-25Na2O-15Li2O-

xNd2O3 glasses (with x = 1.4mol. % Nd2O3) before and after annealing samples with different 

concentration of Nd2O3 are measured over the frequency range from 50 Hz to 5 MHz as shown 

in Fig.12 (a, b). 

According to Guntini et al [43] ε'' at a particular frequency in the temperature range where 

dielectric dispersion occurs, is given by: 

 

                                                              ε'' = B ωm                                       (22) 

 

The power m of this equation was calculated from the negative slopes of the straight lines 

at different temperatures before and after annealing. The variation of the obtained values of m 

with temperature for different concentrations of Nd2O3 before and after annealing is shown in 

Fig.12 (c, d). According to Guintini et al, the exponent m can be related to the temperature and 

the maximum barrier height Wm through the following equation: 

 

                                                          m = -4KBT/Wm                                    (23) 

 

It is found that the maximum barrier height Wm is decreased with increasing concentration and annealing 

which are tabulated in Table 7. 
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Table 7: Maximum barrier height (Wm) for the (40-x)P2O5-20ZnO-25Na2O-15Li2O- xNd2O3glasses (0 ≤ 

x ≤ 1.9 mol. %). 

The glass composition 

(mol.%) 

Maximum barrier height 

(Wm) 

(Before annealing) 

Maximum barrier height 

(Wm) 

(After annealing) 

0 0.112 0.1094 

0.1 0.108 0.1058 

0.4 0.107 0.1032 

0.9 0.106 0.101 

1.4 0.105 0.0997 

1.9 0.1038 0.0982 

 

 

 

Fig. 12: The temperature dependence of imaginary part (ε'') of glass containing 1.4 mol.%Nd2O3at different 

frequencies (a,b) before and after annealing and the temperature dependence of ln ε'' with ln ω for different 

temperatures(c, d) before and after annealing. The insets of Fig. 12showthetemperature dependence of the exponent 

(m) for the investigated glassesat different concentrations ofNd2O3 mol. % (c)before and (d)after annealing for 16 

hours at 623k. 
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4. Conclusions  

     Nd2O3 doped zinc sodium lithium phosphate glass samples were prepared by the conventional melt 

quenching technique. The amorphous nature of the prepared glasses was confirmed by XRD patterns. By 

increasing the Nd2O3 content mol.% the density of the glass samples was found to be increasing due to the 

larger molecular weight of Nd2O3 (336.48 g/mol.) compared with the other oxides in the glass matrix. FTIR 

studies revealed that the glasses consist of Q3, Q2, Q1 and Q0 structural units. The indirect optical energy 

gaps were evaluated from UV-VIS absorption spectra and were found to be decreasing with increasing 

Nd2O3 content mol.% and annealing temperature. The temperature dependence of dc conductivity was 

found to obeys Arrhenius law and increase with increasing Nd2O3 content mol.% and the ac conductivity 

obeys the power law σac(ω) = A(T) ω
s(T), where s<1. The (CBH) model seems to be the most interesting 

model to discuss the obtained results. Conductivity mechanisms for grain resistance at room temperature 

were discussed using the Cole-Cole plot. The dielectric relaxation mechanism was explained of both ε'(ω) 

and ε''(ω) at different frequencies and was found that it has temperature dependence. 
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