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ABSTRACT 

In order to demonstrate the intrinsic and extrinsic changes induced by MnO in the phosphate glass network, a 

glass system of composition 44P2O5-38ZnO-2CuO-(16-x)Na2O-xMnO (where, x = 1, 2, 3, 4, and 5 mol%) was 

prepared using the conventional melt quenching technique. XRD patterns confirmed the non-crystalline 

nature of the prepared samples. The density and molar volume as a function of MnO content were determined 

to characterize structure of the obtained glasses. The optical spectroscopic studies of the prepared samples 

were carried out over (190-1000 nm) spectral range. The prepared samples were found to behave as bandpass 

filters in the visible region of spectrum. The UV cutoff wavelength was shifted from 308 nm to 352 nm by 

increasing content of MnO which is very useful in the optical technology requirements such as ultraviolet 

preventing applications and the protection against UV-LASER. The optical band gap energy was decreased by 

increasing content of MnO whilst, the Urbach energy was increased. The decrease in optical band gap was 

attributed to the progressive increase in non-bridging oxygens (NBOs) concentration with the addition of 

MnO. The refractive index was found to be enhanced with the addition of MnO by the effect of increase in 

overall polarizability. However, the optical polarizability was found to be correlated to the chemical 

composition of the glass. The results reveal the role of MnO as a network modifier in the phosphate glass 

matrix. 
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1. INTRODUCTION 

Among different classes of materials, glasses have acknowledged advantages because of their diverse 

technological and biological applications including solid state lasers, optical fibers, optical filters, water 

treatment and as biomedical materials [1-3]. Due to the superior physical and optical properties, phosphate 

glasses have been widely explored by an increasing number of investigations. These glasses have evidence of 

low melting and softening temperatures as well as strong glass forming character. Phosphate-based glasses 

are well known to exhibit many other interesting properties such as high thermal expansion coefficients, high 

electrical conductivity, low thermal conductivity and low dispersion; make these glasses more advantageous 

than other conventional glass formers such as silicate and borate glasses [4-7]. In addition, the structural 

versatility of phosphate glasses is of particular interest as it permits the glass network to accommodate a large 

number of elements so multicomponent glass systems can be easily obtained [8]. However, the highly 

hygroscopic nature of phosphate glasses is restricted their uses in various technological applications. Hence. 

many efforts have been made to enhance the chemical stability of phosphate glasses against devitrification 

and moisture resistant [9].  

The majority of the physical and optical properties of phosphate glasses can be greatly changed by the 

addition of a precisely amount of modifiers including alkali oxides (Na2O, Li2O, K2O, etc.), alkaline earth oxides 

(CaO, BaO, MgO, etc.) and many other divalent metals (ZnO, CuO, CdO, MnO etc.) [10-12]. In view of physical 

and chemical properties, alkali and alkaline earth oxides have great attention because of several phosphate 

structural groups created during the reorganization processes. Spectroscopic investigations of Na2O
 
doped 

phosphate glasses indicated that they reveal a strong glass-forming character as well as lower the melting 
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point of the composition [13,14]. Meanwhile, phosphate glasses with ZnO have proven to enhance the 

chemical durability of the glass system since they possess a structure based on P-O-Zn other than P-O-P 

bonds [15,16].  

Phosphate glasses containing transition metal ions such as copper, iron, manganese, cadmium, vanadium, etc., 

have received increased attention because they generally have interesting optical, electrical and magnetic 

properties [17-19]. Copper (Cu
2+

) can be acted as a good modifier to enhance the semiconducting properties 

in phosphate-based glasses [20]. Furthermore, it can modify the absorption behavior of the phosphate-based 

glass systems and can be considered as a color center in such glass systems [21]. Copper doped phosphate 

glasses have proven to possess an interesting optical attitude associated with the presence of two optical 

absorption bands at both the ultraviolet and visible-near infrared regions of spectrum, forming which so called 

an optical bandpass filter [22]. Optical bandpass filters are well known for their transmission of light only with 

a certain wavelengths. Apart from these, manganese (Mn
2+

) comes as a network modifier which can exists in 

different valence states inside the glass matrix. Phosphate-based glasses doped with manganese are 

interesting due to their structural properties and their coordination [23,24]. It turns out that manganese ions 

can be utilized as a paramagnetic tool to study the structure and properties of glassy systems, due to the 

strong influence of manganese ions on optical and magnetic properties of glass [25].  

From interesting point of view, copper-containing phosphate glasses doped with a transition metal oxide can 

be technologically important materials especially when act as optical bandpass filters due to the potential role 

of the transition metal in controlling the transmission of light. In previous studies [26,27], it is indicated that 

the parameters of the optical bandpass filers are influenced by the presence of different transition metal ions 

inside the copper-phosphate glass matrix. The center, height, and width of the transmission band in addition 

to the filter color were clearly affected by changing the transition metal content. The aim of the present work 

is to study the role of manganese ions in a copper-phosphate glass matrix as an optical bandpass filters.  

According to available knowledge, no data has been reported in such subject. Consequently, the physical and 

optical properties of a proposed glass system with the chemical composition 44P2O5-38ZnO-2CuO-(16-

x)Na2O-xMnO (where, x = 1, 2, 3, 4, and 5 mol%) have to be discussed. 

2. EXPERIMENTAL PROCEDURE 

The glasses under study were prepared by the conventional melt quenching technique. Analytically pure grade 

chemicals of ammonium dihydrogen orthophosphate NH4H2PO4, zinc oxide ZnO, sodium carbonate NaCO3, 

copper oxide CuO and manganese oxide MnO were used as starting materials. A glass system with the 

chemical composition 44P2O5-38ZnO-2CuO-(16-x)Na2O-xMnO (where, x = 1, 2, 3, 4, and 5 mol%) was 

prepared by weighing the required amount of materials, then they were mixed and grinded in a mortar pestle 

for 30 minutes. The mixture was introduced in a porcelain crucible and heated for one hour in a muffle furnace 

regulated at 260±5 
o
C to release the gases such as CO2 and NH3. Then the crucible was transferred to the 

melting furnace at 1000±5 
o
C and was let to melt for one hour. The melt was rotated several times to ensure 

the maximum homogeneity of the mixture. Finally, the melt was immediately transferred again to the muffle 

furnace at 260±5 
o
C and casted using stainless steel mould with pressing plate to obtain thin disks of 

diameters ≈ 2.5 cm. The annealing process is a required step to relive the internal strains and cracks that 

would remain within glass samples during the quenching process. The molar formula of the glass samples 

employed in the present work are indicated in Table1. 

The density of the prepared glass samples was measured at room temperature using the conventional 

Archimedes’ method, with toluene as an immersion liquid of stable density (0.868 g/cm
3
) as [28]: 

  
    

           
               (1) 

Where, Wair and Wliq are the weights of the sample in air and in liquid respectively. The molar volume was 

calculated from the molecular weight, M and the density, ρ as [28]: 
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         (2) 

Table 1. Chemical composition, average molecular weight, density and molar volume of the prepared 

glass samples. 

Sample 

code 

Chemical composition              

(mol. %) 

Average molecular 

weight, M  

 (g/mole) 

Density, ρ              

(g/cm
3
) 

Molar 

volume, VM 

(cm
3
/mole) 

PMn1 44P2O5-38ZnO-2CuO-15Na2O-1MnO 104.980 2.985 35.169 

PMn2 44P2O5-38ZnO-2CuO-14Na2O-2MnO 105.069 3.005 34.965 

PMn3 44P2O5-38ZnO-2CuO-13Na2O-3MnO 105.159 3.036 34.637 

PMn4 44P2O5-38ZnO-2CuO-12Na2O-4MnO 105.249 3.069 34.294 

PMn5 44P2O5-38ZnO-2CuO-11Na2O-5MnO 105.338 3.105 33.925 

 

3. RESULTS AND DISCUSSIONS 

3.1 Characterization and physical studies 

The glass formability of the prepared samples has been examined by means of X-ray diffraction (XRD) 

technique. The XRD pattern of the prepared glass samples with different MnO concentrations is indicated in 

Fig. 1. The diffraction pattern shows a diffuse scattering with no significant crystalline peaks can be observed. 

This assures the amorphous nature of the prepared samples. 
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Fig. 1: XRD patterns of the prepared glass samples. 

The presence of MnO with different concentrations in the glass matrix might influence the glass structure due 

to the potential modification process. The change in glass structure can be demonstrated in terms of the 
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molar volume since it depends on the spatial distribution of the ions that compose the glass network. Hence, 

it is important to determine the glass density from which the molar volume of the glass can be deduced. The 

variations in the density and the corresponding molar volume of the prepared glass as a function of MnO 

concentration are listed in Table 1 and depicted in Fig. 2. It can be noticed that the density is gradually 

increased from 2.985 gm/cm
3
 to 3.105 gm/cm

3
 as the MnO content is increased. The increase in density can 

be attributed to the replacement of the low molecular weight Na2O by the high molecular weight MnO. On 

the other hand, the molar volume is found to be linearly decreased from 35.169 cm
-3 

to 33.925 cm
-3

 by 

increasing content of MnO. The decrease in molar volume can be explained by the structural changes in the 

glass network when Na2O is replaced by MnO. This is due to the formation of P—O—Mn bond linkages which 

construct some new interconnections reticulating the phosphate network and thus lead to close the vitreous 

structure. It is quite clear that addition of MnO plays a noticeable role in stabilizing the glass structure. Similar 

results have been obtained by Omrani et al. 2014 [29]. 

The concentration of manganese ions and consequently, some other related physical parameters can be 

determined using the following relations [30]:  

Ionic concentration,                
                                                    

                                
              (3) 

Mean spacing between manganese ions,      
         

 

              (4) 

Polaron radius,      
    

 

 
      

 

           (5) 

Field strength,               
           (6) 

Where, Z is the valence of manganese ions. The calculated values of the ionic concentration, mean Mn—Mn 

spacing, polaron radius and field strength as a function of MnO content are listed in Table 2. It can be noticed 

that both the mean Mn—Mn spacing and the polaron radius decrease with increasing content of MnO. This 

can be related to a decrease in the activation energy with increasing MnO content [31]. It can be clearly 

observed that the values of the polaron radius is smaller than that of the mean Mn—Mn spacing for all 

compositions as represented by Fig. 3. Table 2 indicates an increase the ionic concentration with increasing 

content of MnO which can be attributed to the decrease in Mn—Mn spacing. This seems to be consistent with 

the obtained results of the density and molar volume. Moreover, the data reveal that a stronger field is 

generated around the manganese ions with increasing the content of MnO which seems to be related to the 

decrease of Mn—Mn spacing. 
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Fig. 2: Variation of density and molar volume with respect to MnO content. 
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Fig. 3: Variation of manganese ions separation and polaron radius with respect to MnO content. 

Table 2. Experimental values of some physical parameters of the prepared glass samples. 

Physical parameter PMn1 PMn2 PMn3 PMn4 PMn5 

Ionic concentration, N (x10
20

 ions/cm
-3

)   1.71 3.45 5.22 7.03 8.89 

Mean Mn—Mn spacing, ri (A
o
) 18.01 14.26 12.42 11.25 10.41 

Polaron radius, rp (A
o
) 7.26 5.75 5.01 4.53 4.19 

Field strength, F (x10
14

 cm
-2

) 3.80 6.05 7.98 9.74 11.38 

 

3.1 Optical investigations     

One of the fundamental tools to characterize the structure of glassy systems is the UV-visible-near IR 

spectroscopy. The optical spectroscopic analyses of the prepared glass have been carried out over the 

wavelength range of (190-1000 nm). Figure 4 shows the wavelength dependence of the absorption spectra of 

the prepared glass samples. A general increase in absorbance with increasing content of MnO is observed; 

which can be attributed to the change in the glass composition. The fundamental absorption edge is found to 

be shifted towards higher wavelength with increasing the content of MnO. The absence of sharp absorption 

edge supports the non-crystalline nature of prepared glass. Moreover, a broad absorption band in the visible-

near IR can be clearly observed at 800 nm with no detectable shift can be noticed. This absorption band is 

assigned to 
2
B1g→

2
B2g transition of Cu

2+
 ions and may be attributed to the superposition of three electron 

transitions in d-orbitals corresponding to 
2
B1g→

2
E2, 

2
B1g→

2
A1g and 

2
B1g→

2
B2g transitions [32]. Figure 5 shows 

the wavelength dependence of the transmission spectra of the prepared glass samples. It can be clearly 

observed that the transmittance is generally decreased with increasing the MnO content which gives the 

indication of consistency between both of absorption and transmission spectra. In all glass samples, a broad 

transmission band with sufficiently high intensity can be distinguished in the spectral range 350-800 nm with a 

meta center at about 520 nm. This means that the prepared glass samples behave as bandpass filters with an 

appropriate transmission of visible light. 
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Fig. 4: Absorption spectra of the prepared glass samples. 
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Fig. 5: Transmission spectra of the prepared glass samples. 

When dealing with optical bandpass filters, several essential parameters must be taken into account such as 

peak position, height, width, area, etc. However, one should expect a significant influence of the chemical 

composition on the transmittance behavior of the obtained bandpass filters due to the potential changes in 

the characteristics of the transmission band with the addition of MnO. Table 3 represents the transmission 

band analyses of the obtained bandpass filter glass samples. The intensity of the transmission band is found to 

be decreased with increasing the MnO content while slightly changes in the center of the band can be 

observed. The decrease in the intensity can be related to the increase in density of the glass due to the 

replacement of Na2O by the heavier MnO. The presence of heavy elements in the glass matrix exhibit an 

increase in the density which might increases the optical absorption and finally decreases the transmission of 

light [32,33]. The UV cutoff wavelength is found to be shifted from 308 nm to 352 nm by increasing content of 

MnO as depicted in Fig. 6. The shift of the absorption edge or UV cutoff towards the higher wavelengths can 

be attributed to the progressive increase in the number of non-bridging oxygens (NBOs) with increasing the 

content of MnO [27,34]. Such spectral red shift of the UV cutoff is very useful when employing the obtained 
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bandpass filters in the optical technology requirements such as ultraviolet preventing applications and the 

protection from UV-LASER. 

Table 3. Experimental values of the optical bandpass filter parameters. 

Optical parameter PMn1 PMn2 PMn3 PMn4 PMn5 

UV band stop (nm) 190 – 308 190 – 324 190 – 335 190 – 343 190 – 352 

Center (nm) 517 516 513 519 521 

Width (nm) 210 204 185 181 170 

Area (a.u.) 19877 18021 14712 12360 10879 

Height (%) 74 67 60 53 49 
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Fig. 6: UV band stop for prepared glass samples. 

Once again, the optical absorption measurements can be employed in order to calculate the absorption 

coefficient as a function of the photon energy using the relation [26-28]: 

                                  (7)      

Where, A is the absorbance and t is the thickness of the glass sample. Consequently, the optical band gap 

energy can be evaluated by means of the general relation proposed by Mott and Davies [35]: 

              
                          (8) 

Where, B is constant and n is an index associated to the mechanism of inter-band electronic transitions. In the 

above equation n = 1/2 or 2 refers to direct or indirect allowed transitions and n = 3/2 or 3 refers to direct or 

indirect forbidden transitions. Therefore, the direct and indirect optical band gaps can be evaluated from the 

plots of (   )
2
 and (   )

½
 versus    as shown in Figs. 7 and 8 respectively. The plots are observed to be linear 

in the region of strong absorption near the fundamental absorption edge hence, the direct optical band gap 
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values can be determined by extrapolating the linear portion of the graph to (   )
2
 = 0 while indirect band 

gap values can be determined by extrapolating the linear portion of the graph to (   )
½

 = 0. The experimental 

values of the direct and indirect optical band gap are listed in Table 4 with an estimated probable error of 

±0.02 eV.  

It is important here to indicate that the structural disorder in the glass network has a notable influence on 

electronic transitions scheme near the absorption edge. Due to the changes in the chemical composition, 

there is a chance of producing localized states in the forbidden energy band causing band tails within the 

band gap. Thus the photons with energy lower than the energy band gap might be absorbed leading to some 

disorder in the vitreous system [36]. The degree of disorder in the prepared glass samples can be estimated 

from the width of such band tails described by Urbach energy, ΔE using the relation [36]: 

                                           (9) 

Where,    is the absorption coefficient and    is constant. As depicted by the representative example in Fig. 9, 

the logarithmic plots of the absorption coefficient as a function of the photon energy for all glass samples are 

found to be linear near the absorption edge which verifying the Urbach relation. Therefore, Urbach energy, ΔE 

can be easily determined by taking the reciprocal of the slope of the linear region depicted in the Urbach 

graphs. The experimental values of the Urbach energy are listed in Table 4 with an estimated probable error of 

±0.02 eV. 
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Fig. 7: Determination of the direct optical band gap energy. 
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Fig. 8: Determination of the indirect optical band gap energy. 
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Fig. 9: A representative example for determination of Urbach energy for MnO 2% content. 

Table 4. Direct and indirect optical band gaps, Urbach energy, refractive index and polarizability of the 

prepared glasses. 

Optical parameter PMn1 PMn2 PMn3 PMn4 PMn5 

Direct optical band gap (eV) 3.40 3.29 3.21 3.13 3.08 

Indirect optical band gap (eV) 3.16 3.09 2.99 2.92 2.82 

Urabach energy (eV) 0.222 0.235 0.252 0.284 0.303 

Refractive index 2.35 2.37 2.40 2.42 2.45 

Polarizability (A
o 3

)  0.239 0.241 0.243 2.45 2.48 
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The direct and indirect optical band gaps are found to be linearly decreased with increasing content of MnO 

as shown in Fig. 10. The decrease in the optical band gap energy can be attributed to the gradual increase in 

the concentration of the non-bridging oxygen ions (NBOs) that binds the excited electrons much weakly than 

the bridging oxygen. The replacement of Na2O with MnO in the glass matrix indicates an increase of the 

divalent Mn
2+

 ions (create two non-bridging oxygens in the phosphate network) at the expense of the 

monovalent Na
+
 ions (create one non-bridging oxygen in the phosphate network) causing a progressive 

increase in the number of the non-bridging oxygens [34]. It can be observed that the direct optical band gap 

is ranged from 3.40 eV to 3.08 eV while the indirect optical band gap is ranged from 3.16 eV to 2.82 eV. The 

smaller values of the indirect band gap can be attributed to the presence of the localized energy states in the 

forbidden band as evaluated by the Urbach energy. As presented in Table 4, the Urbach energy values are 

found to be increased from 0.222 eV to 0.303 eV which indicate more structural disorder in the glass system 

with increasing content of MnO [37]. 
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Fig. 10: Variation of direct and indirect optical band gap energy with respect to MnO content. 

Determination of the refractive index is of great importance in the glassy materials as it provides significant 

information about the interaction of light with the vitreous matrix. The refractive index can be determined for 

different glass samples by means of the Lorenz–Lorenz equation [38,39]: 

    

    
    

  

  
                          (10) 

Where, Eg is the optical band gap energy. The experimental values of the refractive index for different prepared 

glass samples are listed in Table 4 and the compositional dependence of the calculated values of the refractive 

index is depicted in Fig. 11. The data reveal an increase of the refractive index which can be attributed to the 

changes in glass composition with increasing the MnO content. This can be understood on the basis that the 

refractive index is greatly related to the overall polarizability of the glass system. Optical polarizability is a 

property of optical materials that expresses the response of the electrons when exposing to an external 

electric field hence, polarizability can be considered as a measure of the degree of deformation of the valence 

electron cloud in the glassy systems [40]. Generally, the presence of highly polarizable cations to the glass 

matrix causes effective retardation of the light propagation through the vitreous network leading to a notable 

increase in the refractive index [41]. Therefore, The addition of a higher polarizable species such as Mn
2+ 

(cation polarizability = 0.554 A
o 3

) at the expense of lower polarizable Na
+
 (cation polarizability = 0.181 A

o 3
) 

[42] could be the reason for increasing of the refractive index. The polarizability of the prepared glass samples 

can be deduced through Lorenz–Lorenz equation as [43]: 
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                   (11) 

Where, NA is the Avogadro’s number.  The calculated values of the optical polarizability for different prepared 

glass samples are listed in Table 4. One should expect that the refractive index and the optical polarizability 

must have the same trend and are depicted in Fig. 11. It is quite clear that the chemical composition of the 

glass (i.e., replacing of Na2O by MnO) plays the main role in changing both the refractive index and the optical 

polarizability. 

1 2 3 4 5

2.28

2.32

2.36

2.40

2.44

2.48

MnO (mol%)

R
e

fr
a

c
ti

v
e
 i
n

d
e
x

 Refractive index

0.236

0.240

0.244

0.248

0.252

0.256

 Polarizability

P
o

la
ri

z
a

b
il
it

y
 (

A
o
 3

)

 

Fig. 11: Compositional dependent of refractive index and polarizability. 

CONCLUSIONS  

Glass system of composition 44P2O5-38ZnO-2CuO-(16-x)Na2O-xMnO (where, x = 1, 2, 3, 4, and 5 mol%) was 

prepared using the conventional melt quenching technique. The density was found to be increased with 

increasing content of MnO while the molar volume showed an opposite trend by which it was indicated that 

MnO played a noticeable role in stabilizing the glass structure. The ionic concentration of manganese ions, 

mean Mn—Mn spacing, polaron radius and field strength were calculated. The optical spectroscopic studies of 

the prepared samples were carried out over (190-1000 nm) spectral range. The prepared samples were found 

to behave as bandpass filters in the visible region of spectrum. The optical analyses of the transmission band 

of the obtained bandpass filters were determined. The direct optical band gap was ranged from 3.40 eV to 

3.08 eV while the indirect optical band gap is ranged from 3.16 eV to 2.82 eV. The decrease in optical band 

gap was attributed to the progressive increase in non-bridging oxygens (NBOs) concentration with the 

addition of MnO. The Urbach energy values is found to be increased from 0.222 eV to 0.303 eV which indicate 

more structure disorder in the glass system with increasing content of MnO. The compositional dependent of 

the refractive index and optical polarizability of the obtained glasses were evaluated. The increase of refractive 

index with increasing content of MnO is attributed to the increase of the overall polarizability of the glasses 

due to the addition of a higher polarizable species of Mn
2+ 

at the expense of lower polarizable species of Na
+
. 

The results revealed the modifier role of MnO in the phosphate glass network.  
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