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A B S T R A C T   

Here, an investigation of borosilicate glass doped with iron oxide and prepared by classical melt-quenching 
method. The internal macrostructure, optical absorbance, ligand field parameters, and Mössbauer spectra 
were studied. The density increased with increasing SiO2 content, while Fourier-transform infrared (FTIR) 
analysis reported that BO4 and SiO4 content increase with a decrease in NBO content. Optical electronic tran
sitions through wavelength (402–948 nm) confirmed the existence of Fe3+ state, while the Fe2+ is not observed in 
optical absorbance because of its inane electronic transition at 2222 nm. The electronic transitions at (402, 452, 
513, 602, and 701 nm) are assigned to Fe3+ in tetrahedral coordination (FeO4), while the electronic transitions at 
(795 and 948 nm) are related to Fe3+ in octahedral coordination (FeO6). Astonishingly, the ligand field pa
rameters of Fe ions were studied. The crystal field splitting exhibits increasing values, while Racah parameters 
exhibit decreasing values. Moreover, nephelauxetic parameters reflect the propensity of the bonding nature 
between the Fe cations and their ligands towards a higher covalent nature with SiO2 additives. Further, a scant 
decrease in the optical band gap was explained based on the mixed former effect. Moreover, non-linear refractive 
indices augment with SiO2 addition. The decrease in the optical gap energy justified such a trend. Bewitchingly, 
Mössbauer spectra reported the existence of Fe3+ ions with isomer shift (0.285–0.314) mm s− 1 in tetrahedral 
sites, while Fe3+ ions with isomer shift (0.339–0.425) mm s− 1 in octahedral sites, agreeing with optical data. 
Surprisingly, Fe2+ ions with isomer shift at about 0.905 mm s− 1 in tetrahedral sites was observed. The observed 
decrease in isomer shift of all phases is due to the decrease in electronegativity of formers. Furthermore, the 
decrease in quadrable splitting is attributed to the decline in the polarization power of the glass former cations 
with SiO2 addition.   

1. Introduction 

Recently, the industry has focused on technological applications 
demanding tunable optical characteristics with low energy consumption 
[1]. In this context, oxide glasses offer some advantages that are espe
cially suitable for exploring new functional materials [2]. Due to the 
constancy during device working, high refractive index, thermal sta
bility, chemical resistance, high transparency, good solubility of dop
ants, and melting at low temperatures, boron oxide is one of the best 
glass formers [3]. The importance of boron oxide manifests from its 

distinct characteristics besides its applicability in a plethora of appli
cations in the optics sector. In addition, silicon oxide has a similar 
weight of importance in glass science due to its high chemical and 
thermal stability [1]. However, embedding silicon oxide, as a former 
oxide, to the borate glass network establishes a new type of glass former, 
borosilicate glass (BS). The boron oxide combined with silicon oxide 
made a prodigious glass borosilicate network (BS) that has a set of 
characterized building units (BO3, BO4 and SiO4), rendering them a 
good host for accommodating large-scale dopants [4,5]. Borosilicate 
glass is the most familiar glass network. Its significance is that it has the 
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combined features of both former oxides, and consequently, this 
network is exploited in large-scale applications [2,6]. Borosilicate glass 
exhibits high chemical durability and mechanical resistance. It is used 
for various applications, including optical communication, 
glass-to-metal sealing, ion exchange materials, durable glass containers, 
and nuclear waste immobilization [2,7]. Borosilicate glass is easy to 
prepare, cheap cost preparation, and high mass production of its prod
ucts [7]. 

Furthermore, adding alkali oxides as modifier oxides to the borosil
icate host was reported to enhance the physicochemical of the glass 
samples. A plethora of charming properties, including high trans
parency, high conductivity, high stability, high gloss and shine, and low 
melting temperature, were obtained as the lithium oxide (Li2O) is added 
as a modifier alkali oxide. Lithium oxide is an unique alkali oxide that 
characterizes by readily solubility and minimizes the bubble-free [7,8]. 
Furthermore, structural modifications are established by lithium ions, 
including the conversion from BO3 units to BO4 units and contrariwise 
[9], and the interstitial filling [10]. The relationship between 
composition-properties of B2O3-SiO2- Li2O glass system was studied in 
Refs. [11,12]. Recently, Sugawara et al. [10] studied the effect of 
composition change in Li2B4O7 glass. They evaluated the changes 
resulting from converting BO3 into BO4 units in case of the existence of 
SiO4 units. 

Borosilicate glass containing transition metal ions is the subject of 
interest due to its potential applications in luminescent materials [2,7]. 
Particularly iron oxide (Fe2O3) is one of the great interest oxides. Iron 
oxide exists in various oxidation states (divalent, trivalent, …) with 
different symmetry sites (octahedral, tetrahedral, …) [13,14]. In glass 
material, the co-existence of two valence states of iron ions (Fe2+ and 
Fe3+) is a common condition in borosilicate glasses [9,15]. Iron oxide is 
a crucial ingredient in colored glasses. The oxidation state of iron ions in 
glasses relies on chemical composition and melting process. While the 
symmetry of these ions depends on the surrounding ligand field of iron 
ions [13,14]. Due to its electronic structure and optical transitions, iron 
oxide is exploited to give the glasses brown or honey color [16,17]. 
Ligand field theory explains the originality of such color and its variation 
in the glasses containing iron ions. Besides, a theory studies the struc
tural/optical changes of the transition metal ions (here, iron ions) in 
optically active glass material. According to our large-scale knowledge 
in this field, the first paper which reported the ligand field parameters of 
iron ions embedded in glass was published (in 2020) by Elkelany et al. 
[17]. They reported the structural/optical modifications of iron ions in 
borate glass using ligand field theory. In this regard, use of ligand field 
theory to investigate the structural/optical relationships in glass mate
rials is needed and is considered a hot point in optics field. There are no 
reported studies on the utilization of ligand field theory to investigate 
the structural/optical characteristics of iron ions embedded in 
lithium-borosilicate glasses. From this perspective, the current work 
aims to investigate the impact of progressive silicon addition on the 
structural/optical features of lithium-borosilicate glass using the ligand 
field theory of iron ions, with a decent investigation of Mössbauer 
spectra. The present study aims to present a specific structural/optical 
perspective of borosilicate glasses containing iron ions as a developed 
functional material which has a promising viability in optical sector. 

2. Experimental methodology 

2.1. Samples preparation 

Four glass samples with a formula of [(70-x) B2O3 - x SiO2 - 24 Li2O 
- 6 Fe2O3] where (x = 0, 20, 40, and 60 mol%) were successfully syn
thesized by classical melt quenching method. The chemical composition 
of the prepared samples and the samples’ code were labelled in Table 1. 
Preliminary, high-purity raw materials are Li2CO3, Fe2O3, H3BO3 and 
SiO2 were purchased from Sigma-Aldrich. To ensure adequate high 

homogeneity, the appropriate stoichiometric quantities of the pre
cursors were gently weighted utilizing an electric single pan balance 
with a precision (0.001) g sensitivity. Then, the powders were thor
oughly mixed in a mortar to guarantee a good mixing process. The ob
tained batches were melted in a furnace. The temperature increased 
from room temperature up to the melting point, with heating rate 30 
℃/min, to ensure the best volatilization of gasses and remove the 
bubble-free. The melting temperature of samples was at 1100–1200 ◦C 
for 40 min, according to each composition. The porcelain crucibles were 
continuously stirred to ensure adequate mixture homogeneity of all in
gredients. Finally, the molten glass was quickly poured and quenched 
between two clean and polished plates at room temperature, to produce 
uniform glass samples of thickness is about ~ 0.5 mm. The glass samples 
were transparent and bubble-free, and with reddish-brown color. 
Complementary measurements (density, optical, …) were carried out on 
the bulk samples after polishing. The other part of these samples was 
milled in an agate mortar to get a fine powder for other planned mea
surements such as FT-IR and Mossbauer. 

2.2. Samples characterization 

To investigate the impactive SiO2 modifications on some structural 
and optical properties of the lithium iron-based borosilicate glass. The 
mass density of samples was carried out using Archimedes’ principle in 
the case of the immersed sample. The toluene-static fluid was exploited 
and combined with a sensitive micro-single balance. By measuring five 
trials for each sample under the same conditions. FT-IR spectra were 
collected using a spectrometer (Thermo 200). The spectral resolution 
was 2 cm− 1 and the spectra were measured from 400 to 4000 cm− 1, 
while the analyzed spectra were from 400 to 1600 cm− 1, in absorbance 
mode. At room temperature, the optical absorbance was recorded using 
a spectrophotometer (JASCO-V-670) in the 190–2500 nm wavelength 
span. Finally, Mössbauer spectroscopy was measured using 57Fe trans
mission Mössbauer spectrometer at room temperature. 57Co (RH) is 
utilized as a source of γ-radiation. Besides, (α-Fe) is a metallic powder 
absorber that was exploited for calibrating of velocity and isomer shift of 
Mössbauer spectra. The current spectra were standardly normalized to 
relinquish variations in all samples. Gaussian functions software was 
utilized to decompose the broadened spectra. 

3. Results and discussion 

3.1. XRD patterns 

Fig. 1 presents X-ray diffraction (XRD) patterns for selected glass 
samples (0 Si and 40 Si). The spectra exhibit no traces of crystalline 
phases (i.e., no continuous or discrete sharp peaks). The absence of well- 
defined diffraction peaks rules out the occurrence of the long-range 
atomic arrangement and, therefore, clearly confirms the amorphous 
structure of the samples. 

3.2. Density measurement 

Density is a reliable technique for measuring the glass network’s 
macrostructural and geometrical changes. Fig. 2 illustrates the impact of 
SiO2 content on the propensity of density and molar volume of all 

Table 1 
The chemical composition of all glass samples.  

Sample code 
(mol%) 

SiO2 B2O3 Li2O Fe2O3 

0 Si  0  70  24  6 
20 Si  20  50  24  6 
40 Si  40  30  24  6 
60 Si  60  10  24  6  
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samples. Fig. 2 displays that the density of current glass samples 
increased with the progressive addition of SiO2 concentration in sam
ples. The obtained density of the glasses can be explained by changing 
the glass network former. The density of silicon oxide (2.65 g/cm3) is 
larger than the density of boron oxide (2.46 g/cm3). An important factor 
responsible for the increase in density is the induced changes in the 
boron-to-oxygen ratio. The progressive addition of SiO2 content leads to 
converting the BO3 units to BO4 units, combined with the creation of 

SiO4 units, which increases the connectivity and compactness of glass 
samples (i.e., the atoms in the glass network are more tightly packed to 
each other) [8]. Furthermore, the coordination number is an important 
factor in following the density behavior; the coordination number of 
silicon oxide (SiO4) is greater than that of boron oxide (BO3). The bond 
density should be calculated to confirm the coordination number 
changes according to the following equation [18,19]: 

nb =

(
NA

Vm

∑

i
nf

)

, nf = ncxi (1)  

where nc is the coordination number of cations B3+ (3), Si4+ (4), Li+ (4), 
and Fe3+ (6) cations. In addition, NA is Avogadro’s number and Vm is the 
molar volume. The attained values of the bond density are presented in  
Table 2. The increase in the bond density (i.e., the number of bonds per 
unit volume) is due to the increase in the coordination number with the 
SiO2 addition, leading to an increase in the densification of the network. 
On the other hand, from Fig. 2, the values of molar volume (Vm) were 
found to mitigate with the SiO2 addition. Such changes in molar volume 
can be explained through average Si-Si distance variations, as discussed 
later. 

The Si4+ ions concentration (NSi) was calculated from the following 
equation [19,20]: 

NSi =

[
NA*mole fraction of SiO2

Vm

]

(2) 

The obtained values of the Si4+ ions concentration were recorded in 
Table 2. It was observed that the values of NSi increased due to the 
doping process, this monotonic enhancement causes the network to 
become more crowded with Si4+ ions, increasing the compactness and 
enhancing the density of the network. The values of Si4+ ions concen
tration was normalized with respect to SiO2 molar content. The molar 
concentration is fixed to ~ (22.28 ± 0.013) × 1021 (cm− 3. mol. %) 
which is the concentration of silicon ions introduced by every 1 mol% of 
SiO2 additives. Such a constant value assures the right stoichiometry of 
the prepared glasses, with negligible loses in the intended SiO2 doping 
level during the whole preparation process. 

The average Si-Si distance (RSi− Si) was calculated according to the 
following equation [20,21]: 

RSi− Si = [
1

NSi
]
1/3 (3)  

where NSi is Si4+ ions concentration. The obtained values of the average 
Si-Si distance are recorded in Table 2. The diminution in average Si-Si 
distance from 0.617 nm reaching 0.413 nm with the addition of SiO2 
content is due to the drastic modification in the network. The substitu
tion of B2O3 with SiO2 reduced the bond length in the network, con
firming the decrease in the molar volume. We can conclude that the 
experimental density increased while the calculated molar volume 
decreased with the progressive addition of SiO2 content, reflecting more 

Fig. 1. XRD patterns for selected glass samples (0 Si and 40 Si).  

Fig. 2. The density, D, and molar volume, Vm against SiO2 content additives.  

Table 2 
Density (ρ), bond density (nb), molar volume (Vm), Si4+ ions concentration (NSi), Si4+ ions molar concentration (Nm), and average Si-Si distance (RSi-Si) of all glass 
samples.  

Sample 
(mol%) 

ρ (g/cm3) 
± 0.043 

nb (×1019 m− 3) Vm (cm3/mol) 
± 0.554 

NSi4+ (×1021/cm3) 
± 0.274 × 1021 

Ri(nm) ± 0.0037 Nm (×1022) 
(cm3.mol. %)− 1 

± 0.0013 * 1022 

0 Si  2.121  
6.35 

30.878  0  0  0 

20 Si  2.247  
7.19 

28.296  4.256  0.617  2.128 

40 Si  2.282  
8.16 

27.021  8.914  0.482  2.228 

60 Si  2.355  
8.89 

25.378  14.237  0.413  2.372  
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network densification, with a propensity to close structures. 

3.3. Fourier transform infrared spectroscopy 

FTIR is a popular technique in identifying the molecular structure of 
materials. The modifications in the characteristic mode of the infrared 
absorption bands reflect the occurring alteration in the chemical and 
molecular composition of the samples. In this article, the FT-IR was 
exploited to induce the alteration resulting from the insertion of silicon 
oxide. Fig. 3 displays the Fourier transform infrared spectra for the four 
samples. The figure shows a set of characteristic bands located from 400 
cm− 1 to 1550 cm− 1. The glass samples are made up of two glass former 
oxides (namely, B2O3 and SiO2). Therefore, it is plausible that the FT-IR 
spectra consist of the structural groups of borate and silicate glasses, and 
the glass is known as borosilicate glasses. As a result, the obtained 
infrared spectra are like that studied in the literature [6,7,22]. A brief 
assignment of the resulting peaks was tabulated in Table 3. The first 
band of spectra consists of a set of characteristic absorption bands of 
metal ions, such as that located at 434 cm− 1 that is primarily attributed 
to lithium ions [7,8]. While the located band at 474 cm− 1 is attributed to 
the vibrations of FeO6 unit [14,16,17]. The bending vibration of B-O-B 
bonds is pinned at 546 cm− 1, when borate rings are deformed [23,24]. 
The characteristic vibratios of BO3 are located at in spectral span of 
(610–750 cm− 1). Specifically, these bands were decomposed, using the 
Gaussian deconvolution process, into three peaks at 669, 700, 780 cm− 1. 
The asymmetric bending vibrational band of O-B-O in bridge oxygen in 
BO3 groups was pinned at 669 cm− 1 [8,23,24]. While the symmetric 
bending vibrational bands of O-B-O in bridge oxygen in BO3 groups 
were pinned at 700 and 780 cm− 1 [25,26]. Moreover, the stretching 
vibrations of four-coordinated boron atoms were observed in a spectral 
span of (751–1190) cm− 1 [13,14,17]. These stretching bands are allo
cated to the B-O stretching rocking motions of BO4 units. Tunning back 
to trigonal boron (BO3) units, they have characteristic peaks that are 
pinned in the spectral domain (1191–1550 cm− 1) [13,17,23,27]. This 
spectral band was deconvoluted to three peaks at 1228, 1369, 1456 
cm− 1. These peaks are assigned to B-O asymmetric stretching vibrations 
of BO3 units. While the first peak among them, which is enveloped at 
1228 cm− 1, is related to B-O symmetric stretching vibrations of 
non-bridging oxygens (NBOs)BO3 

[8,23,28]. 
As SiO2 was inserted into the glass composition, harsh modifications 

were observed in the intensity and position. Tracing these modulations 
gives extra information about the glass structure. The enhancement in 
the absorption spectra through the spectral region (400–600 cm− 1) is 
related to Si-O-Si bonds [2,6,7], and the harsh intensity increment in 

such spectral region is due to the Si-O-Si [2]. The asymmetric stretching 
vibrational bands of Si-O-Si bonds created an absorption band at 965 
cm− 1 [2,22]. Moreover, the silicon bonds associated with boron bonds 
exhibit a broad absorption band (B-O-Si) around 1063 cm− 1 [6]. 
Astonishingly, in the spectral range of (751–1190 cm− 1), the addition of 
silicon oxide (i.e., the creation of Si-O-Si and B-O-Si bonds) is mainly 
responsible for the drastic intensity increment and the shift in position 
toward the high wavenumber (high energy). In contrary, the addition of 
silicon oxide has a reverse impact on the intensity and position of the 
spectral band in the range of (1191–1550 cm− 1). A harsh mitigation in 
the intensity was observed besides a wide shift in the position toward the 
high energy. For example, by looking into the band at 1228 cm− 1, one 
can observe that with the silicon addition, the intensity harshly reduced 
(gray highlighted), and the area under peaks deteriorated from 0.9438, 
0,4525, 0,3586 to 0.2863, while the position of this band was shifted 
from 1234, 1253, 1280 and 1365 cm− 1 (black arrow). Such changes 
imply the deterioration in NBO bonds in the structure. Generally, along 
the spectra, it is noted that the intensity of BO3 units in their two spectral 
regions was drastically mitigated, in contrast to the intensity of BO4 Fig. 3. FT-IR spectra of all samples, showing the important structural units, and 

the highlighted part shows the NBO mitigation with SiO2 content additives. 

Table 3 
FTIR peak positions together with brief assignments of all borosilicate glass 
samples.  

Refs. Wavenumber (cm− 1) Assignments 

0 Si 20 Si 40 Si 60 Si  

[7,8] 435 433 435 434 Lithium ionic 
vibrations. 

[14, 
16, 
17] 

477 473 473 473 Iron ionic vibrations. 

[2,6, 
7] 

—— 512 511 511 Si-O-Si bonds 

[22, 
23] 

515 556 556 558 B-O-B bending 
vibrations of angle’s 
deformations. 

[8, 
22, 
23] 

651 664 675 685 Asymmetric O-B-O 
bending vibrations of 
bridge oxygen in BO3 

groups. 

[24, 
25] 

691 694 700 715 Symmetric O-B-O 
bending vibrations of 
bridge oxygen in BO3 

groups. [24, 
25] 

777 780 782 780 

[13, 
14, 
17] 

854–1048 832–895 838–901 840–902 B-O stretching 
vibrations and rocking 
motion of tetrahedral 
BO4units. 

[2, 
13, 
17, 
21] 

974 979 978 974 B-O stretching 
vibrations and rocking 
motion of tetrahedral 
BO4units/asymmetric 
stretching vibrations 
of Si-O-Si bonds 

[6] 
1059 1067 1068 1059 B-O stretching 

vibrations and rocking 
motion of tetrahedral 
BO4units/stretching 
vibrations of B-O-Si 

[8, 
22, 
26] 

1234 1253 1280 1365 B-O symmetric 
stretching vibrations 
of non-bridging 
oxygens of trigonal 
units, (NBOs)BO3

. 

[13, 
17, 
22] 

1337 1348 1363 1430 B-O asymmetric 
stretching vibrations 
of BO3 units 

[13, 
19, 
22] 

1404 1455 1446 1520  
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units that was observed to enhance. Such changes proved the embedding 
of silicon oxide into a glass host leads to transform of BO3 units into BO4 
units, together with mitigation of the number of NBO through creating 
Si-O-Si and B-O-Si bonds. 

3.4. Optical properties 

3.4.1. Ligand field parameters 
The non-destructive optical properties of [SiO2-B2O3-Li2O-Fe2O3] 

glass system were investigated. Fig. 4 displays the normalized absorp
tion spectra of the synthesized glass samples at RT. The detector sensi
tivity at 360 nm was accurately treated. It is monitored that the spectra 
have a set of characteristic absorption bands related to the existence of 
Fe ions in the samples. Besides the absorption edges and Urbach tails at 
high-energy region. The absorption bands related to the existence of Fe 
ions were found to undergo a spectral overlapping for all the samples. 
When the B2O3 was substituted by SiO2, the optical absorption bands 
become more clear and undergo small shifts. So, a decomposition pro
cess should be executed to the overlapped absorption spectra to relin
quish the overlapping in such bands and obtain more information about 
these bands. As a representative example, the deconvolution process is 
now presented in Fig. 5, for sample 20 Si. The outcome Gaussian 
deconvoluted bands were seven at wavelengths ~ 402.13 nm (labeled as 
ν7), ~ 452.52 nm (labeled as ν6), ~ 513.25 nm (labeled as ν5), ~ 
602.25 nm (labeled as ν4), ~ 701.25 nm (labeled as ν3), ~ 795.5 nm 
(labeled as ν2) and ~ 948 nm (labeled as ν1), Fig. 5. 

To go into further detail concerning such bands, the bands ν7, ν6, ν5, 
ν4, and ν3 are related to the optical electronic transitions of Fe3+ cations 
due to the interaction with the ligand field in tetrahedral (Td) symmetry. 
Such bands represent the transitions from the ground state of tetrahedral 
Fe3+ ions [6A1(

6S)] to the excited states [4E(4D), 4T2(
4D), 4T2,

4E(4D), 
4T2(

4G), and 4T1(
4G)], respectively [17,29–31]. While the bands ν2 and 

ν1 are related to the transitions of Fe3+ ions in octahedral (Oh) symmetry 
and assigned to the transitions from the ground state of octahedral Fe3+

ions [6A1g(
6S)] to the excited states [4T2g(

4G) and 4T1g(
4G)], respec

tively [13,17,30,32]. 
The ligand field splitting (10 Dq) and Racah parameters (B and C) 

were calculated using the expressions developed by Tanabe-Sugano for 
energy states in tetrahedral symmetry (Td) of Fe3+ cations [17,33,34]. 
Based on the deconvoluted transitions ν7 and ν6, the energy equations 
are given as [34,35]: 

6A1(
6S)→4E

( 4D
)

= 17B+ 5 C ∼ ν7 (4)  

6A1(
6S)→4T2

( 4D
)

= 13B + 5 C ∼ ν6 (5) 

These energy equations were exploited to deduce Racah parameters 
(B and C) as follows: 

B = (ν7 − ν6)/4 (6)  

C = (17ν6 − 13ν7)/20 (7) 

while the energy equation of the band ν4 was given as follows: 

6A1(
6S)→4T2

( 4G
)
= − 10Dq + 18B + 6 C − 38B2/10Dq ∼ ν4

(8) 

This important energy equation is exploited to extract the ligand 
field strength (10 Dq): 

6A1(
6S)→4T2

( 4G
)
= − 10Dq + 18B + 6 C − 38B2/10Dq ∼ ν4 (9) 

The obtained values of 10 Dq, (B and C), and Dq/B are listed in  
Table 4. The 10 Dq values increased with the addition of SiO2 content. 
While Racah parameters (B and C) were found to decrease as SiO2 

content increased, as shown in Fig. 6. The increase in 10 Dq values is 
attributed to the increase in the oxygen concentration in the composi
tion due to the substitution of B2O3 content with the structural unit 
(BO3) by SiO2 content with the structural unit (SiO4). This substitution 
leads to enhance the environment of anions around Fe3+ ions, and in its 
turn, leads to augment the interaction between the 3d orbitals of Fe3+

ions and the surrounding ligands, increasing the splitting energy of or
bitals. As well as, the higher energy levels of Si than that of B are an 
influential factor in increasing 10 Dq values. Where the internal elec
tronic configuration of the Si atom is 1S2, 2S2, 2P6, 3S2, 3P6 compared to 
that of B atom 1S2, 2S2, 2P1. The 3 P orbital is more diffused and lesser 
bonded with the nucleus of Si than the 2 P orbital, which is highly 
tightened with the nucleus of the B atom. So, the 3 P orbital of the Si ion 
is high interact with the orbital of Fe3+ ions. As a result, the increasing 
splitting between 3d orbitals of Fe3+ ions, enhancing the 10Dq values. 

On the other hand, the increase in the splitting of 3d orbitals leads to 
mitigating the interelectronic repulsion between electrons inside the d- 
level of Fe3+ ions, decreasing Racah parameters (B and C). 

Ligand field theory provides additional information about the 
bonding nature between the Fe3+ ions and their surrounding field. The 
nephelauxetic ratio (β) is the oldest parameter to rationalize the inter
electronic energy. It is determined from the ratio between Racah B 
parameter for our glasses and iron-free ion [35]: [β = B/Bo], where Bo of 
iron free ion is 1015 cm− 1. The nephelauxetic ratio values were recorded 
in Table 4. The decreasing trend of such values implies that there is a 
decreasing in ionicity of bond nature between Fe3+ ions and their sur
rounding filed [8]. For more going in the bond nature confirmation, a 
new modification was proposed by Brik and Srivastava [36,37], by 

Fig. 4. Optical absorption Spectra against the wavelength for all pre
pared samples. 

Fig. 5. Gaussian deconvolution process showing the isolated Fe-related bands 
with their nominal assign, for sample (20 mol%) as a representative example. 
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insertion of the Racah C parameter for accurate determining of the 
nephelauxetic effect. The novel parameter is called the nephelauxetic 
parameter ( β1), which is calculated from the following relation [36, 
37]: 

β1 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(
B
Bₒ
)

2
+ (

C
Cₒ
)

2

√

(10) 

Brik and Srivastava [36,37] proposed a successful attempt to treat 
the defect in nephelauxetic ratio (β = B/Bo). The nephelauxetic ratio (β 
= B/Bo) describes the electronic cloud in d-orbitals only relied on Racah 
B parameters. However, both Racah (B and C) parameters were 
embedded in nephelauxetic calculations for the novel parameter. The 
attained values of the β1 are reported in Table 4. The decrease in 
β1 values with the addition of SiO2 content is due to the high delo
calization of electrons in d-orbitals, that in its turn support the electron 
transfer between ions to create covalent bonds, rendering the bonding 
nature between Fe3+ cations and their ligands are more covalent. 

For a more detailed discussion of the spectroscopic behavior, the 
nephelauxetic effect (h) is exploited in discussing the bonding nature 
properties. The nephelauxetic effect (h) is determined from the 
expression: 

h =
[(Bₒ − B)/Bₒ]

kFe3+
(11)  

where k is a parameter that characterizes the transition metal ion, and Bₒ 
is the Racah parameter for free Fe3+ cation. k = 0.24 and Bo = 1015 
cm− 1 [1,9,12]. Larger values of h (see Table 4) imply a decrease in the 
localization of d-electrons of Fe3+ ions and increasing the covalent na
ture of Fe3+- ligand bonding [17]. 

Furthermore, the covalency reduction factor, N2, describes the 

covalency of bonding nature in materials. The covalency reduction 
factor can be computed from the following relationship [24,38,39]: 

N2 =
1
2
(

̅̅̅̅̅
B
Bₒ

√

+

̅̅̅̅̅
C
Cₒ

√

) (12)  

when the covalency reduction factor increases, the covalency of bonding 
nature deteriorates and vice-versa. The N2 values are registered in 
Table 4. The decrease in covalency reduction factor relates to the 
increment in covalency effects with the addition of SiO2 content (i.e., 
minimization of the interelectronic repulsion force of 3d-electrons of 
Fe3+ ions). 

3.4.2. Band gap energy 
Studying the impact of composition modification on the high energy 

region (i.e., Tauc region) in the absorption spectra is an interesting 
subject to extract the optical parameters. The impact of SiO2 addition on 
Tauc’s region (i.e., the absorption edges) caused marginal variations, 
reflecting small changes in extracted optical parameters. The optical 
absorption coefficient were obtained from the following relation:  

α (ν) = 2⋅303(A/d)                                                                         (13) 

where α (ν) is optical absorption coefficient, A is the optical absorbance, 
and d is thickness of samples. The optical absorption spectra of all 
samples were presented in Fig. 4. Mott and Davis [40] exploited the 
optical absorption coefficient to evaluate the optical band gap Eopt of the 
synthesized glass using the following equation: 

αhυ = q
(
hυ–Eopt

)m (14)  

where hν is the incident photon energy, and q is the band tailing 
parameter. The index m is taken the values 1/2, 2, 2/3, or 3. The best 
choice is based on the type of electronic transition: (direct allowed, in
direct allowed, direct forbidden, and indirect forbidden) transition, 
respectively. The indirect allowed transition is the possible transition in 
the glass materials [8]. The Eopt was evaluated via drawing a graph 
between (αhν)0.5 (as Y-axis) and hν (as X-axis), (i.e., Tauc’s plot), then by 
determining the intersect position of the first linear part with hν axis at 
[(αhν)0.5

= 0] [24]. The obtained Eopt values were listed in Table 5. The 
Eopt values were found to marginally mitigate from 2.668 eV to 
2.626 eV, as SiO2 content increased. Such scant decrease in Eopt values is 
due to the mixed former effect that here increases the oxygen concen
tration in the composition, as well as the higher energy levels of Si atom 
than that of B atom contributes to decrease the Eopt values, as discussed 

Table 4 
Ligand field strength (10 Dq), Racah parameters (B and C), nephelauxetic ratio (β), nephelauxetic parameter ( β1), nephelauxetic effect (h), average reduction factor 
(N2), Dq/B ratio, and C/B ratio of all glass samples.  

Sample 
(mol%) 

10 Dq (cm− 1) B (cm− 1) C (cm− 1) β β1 h N2 Dq/B C/B 

0 Si  9388  695  2630  0.684  0.877  1.313  0.783  1.35  3.784 
20 Si  9687  694  2625  0.683  0.875  1.317  0.783  1.39  3.782 
40 Si  9753  690  2614  0.679  0.871  1.332  0.781  1.41  3.788 
60 Si  9942  689  2611  0.678  0.869  1.337  0.780  1.44  3.789  

Fig. 6. The splitting magnitude (10 Dq) and Racah parameter (B) against SiO2 

content additives. 

Table 5 
Optical band gap energy (Eg), metallization criterion (M), linear refractive index, 
third order non-linear optical susceptibility, and non-linear refractive index of 
all glass samples.  

Sample code 
(mol %) 

Eg (eV) M(eV)
0.5 n0 χ(3)( ×

10− 14)(esu) 
n2(× 10− 13) 

0 Si 2.668 0.365 1.456 1.069 2.771 
20 Si 2.654 0.364 1.471 1.243 3.189 
40 Si 2.638 0.363 1.475 1.296 3.315 
60 Si 2.626 0.362 1.483 1.410 3.585  
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before. The scant decrease in the values of Eopt is compatible with the 
decrease in the localization of d-electrons of Fe3+ ions and the increase 
in the covalency of Fe3+ ions - ligand bonding. In more details, the 
delocalization of electrons of ions and covalency are closely related 
concepts. Covalency is a measure of the sharing of electrons between 
ions, and the delocalization of electrons is a form of covalent bonding. In 
other words, when the electrons of an ion are delocalized, they are 
shared with the other ion in the molecule or crystal. Therefore, the 
delocalization of electrons is associated with covalent interactions 
through the transfer of electrons between ions. This transfer of electrons 
creates a covalent bond between the molecules, which is considered a 
characteristic of covalent interactions in glass material [41,42]. 

Furthermore, the metallization criterion (M) is an informative 
parameter that predicts the material’s nature (metals, semiconductors, 
or insulators). The metallization criterion is obtained using the Eopt 
values from the following relation [23,43]: 

M = (Eg
/

20)0.5 (15) 

The value of the metallization criterion was scaled between two sets 
(0) and (1). The center between them predicts the semiconductor nature. 
The material behaves as metal when the M value moves to (0). The 
material behaves as an insulator when the M value nears (1). Here, the 
attained values of M were reported in Table 5. The M values were found 
to fix at 0.36 (eV)

0.5 indicates that with the former-former replacement 
has a marginal effect on the semiconducting nature of the prepared 
samples. 

3.5. Non-linear properties 

The non-linear properties are a paved route towards understanding 
the quality of optical features of the glass samples. The non-linearity of 
materials is decided by some of the properties, such as linear refractive 
index (no), non-linear refractive index (n2), and optical susceptibility (χ). 
The linear refractive index (no) was calculated using a relationship 
mentioned elsewhere [8]. The obtained values of the linear refractive 
index are recorded in Table 5. The increase in linear refractive index is 
due to the density increment and the inter-ionic variations, as the ionic 
radius of Si4+ ion (50 pm) is higher than that of B3+ ion 25 pm. The 
third-order non-linear susceptibility ( χ3) could be appraised from the 
linear refractive index using the subsequent equation [38,44]: 

χ3 =
A

256π4[(n
2− 1)4

] (16)  

where A = 1.7×10− 10 esu. The non-linear refractive could be obtained 
from optical susceptibility using the following relationship [38,44]: 

n2 =
12π

n
χ3 (17) 

The values of both χ3 and n2 were depicted in Table 5. The values 
show both of χ3 and n2 to enhance with the SiO2 content addendum, 
implying that the SiO2 doping improved the non-linear characteristics of 
our materials. As highlighted previously, the mitigation in Eopt was 
observed to improve the non-linear properties. This trend renders these 
glasses more suitable for high-tech applications, including optical 
waveguides and switching, image processing and manipulation [44,45]. 
Furthermore, Fig. 7 depicts the linear relationship between the optical 
susceptibility and the inverse of optical gap energy. It is observed that 
the highest non-linear susceptibility was attained at the minimum value 
of the optical band gap. Such linear relation indicates that the 
enhancement in the non-linear properties of the prepared samples is 
tunable by Eopt . 

3.6. Mössbauer spectroscopy 

Mössbauer spectra of the current glasses were measured and pre

sented in Fig. 8. A packaged software based on Voigt profiles was used to 
obtain the hyperfine interaction parameters to analyze and extract the 
required information. The analyzed spectra exhibited three polymorphic 
phases of iron cations in the glasses. Fe3+ ions with an isomer shift of 
(0.285–0.314) mm s− 1 in Td sites, Fe2+ ions with an isomer shift at about 
0.905 mm s− 1 in Td sites and Fe3+ ions with an isomer shift of (0.425 – 
0.339) mm s− 1 in Oh sites [17,46,47]. The existence of Fe3+

Td and Fe3+
Oh 

phases in Mössbauer spectra are compatible with the optical results. 
While the absence of the Fe2+

Td phase in the optical spectra is due to the 
weakness of its optical-electronic transition [5E(D)→5T2(D)] that occurs 
at wavelength of 2222 nm [48]. Mössbauer parameters, including iso
mer shift (IS), quadrupole splitting (QS), widths of Gaussian distribution 
(GW), relative area of each phase (Fe3+

Td %, Fe2+
Td %, and Fe3+

Oh %) were 
listed in Table 6. The decrease in the isomer shift of the three phases, 
with further addition of SiO2 content, can be explained by the increase 
in oxygen concentration in the composition, leading to increase the 
oxygen concentration around iron ions, this in its turn causes an increase 
in electron density around iron ions and a subsequent decrease in the 
isomer shift. This finding is consistent with the obtained results from the 
ligand field analysis (i.e., the increase in 10 Dq and h parameters). The 
increase in 10 Dq indicates a strong effect of the ligand anions on the iron 
ions, increasing the splitting of d orbitals in iron cations. While the 
nephelauxetic effect, h, suggests an increase in the covalency of bonding 
nature between Fe3+-ligands, confirming a shortened bond length be
tween the ligand anions and iron cations. In addition, the observed 

Fig. 7. The third-order non-linear optical susceptibility against the inverse of 
optical band gap energy. 

Fig. 8. Mössbauer spectra for all glass samples.  
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decrease in quadrable splitting, QS, in all phases of iron ions is attributed 
to the increase in the symmetry of the surrounding anions around iron 
ions. Initially, such increased symmetry originates from the decrease in 
the polarization power of the glass former cations with further addition 
in SiO2 content [49]. Polarization power is the ability of a cation (here, 
Fe) to distort the electronic cloud of an anion [50]. The polarization 
power of B3+ is (247.9 e/Å for tetrahedral coordination sites and 
41.2 e/Å for octahedral coordination sites). While the polarization 
power of Si4+ is (59.2 e/Å for tetrahedral coordination sites and 
25.0 e/Å for octahedral coordination sites). The polarization power of 
cations was calculated based on the relation Q/r2, where Q and r are the 
cation’s ionic charge and ionic radius, respectively [49,51]. The 
replacement of B2O3 by SiO2 was found to decrease the polarization 
power of the formers, which leads to an enhancement in the symmetry of 
the electron cloud of the anions around iron ions and decreases the QS 
values. 

4. Conclusion 

In summary, we reported the preparation and investigation of Fe2O3 
and Li2O containing borosilicate glass. Fe2O3 and Li2O containing a 
borosilicate glass system was prepared using the classical melt- 
quenching method. The structural variations on the macro scale were 
investigated through mass density and related parameters. The density 
increased with SiO2 additions, while the molar volume decreased. The 
vibrational analysis confirmed a strong conversion to BO4 and SiO4 
structural units, accompanied by mitigation in NBOs content. This result 
agrees with density results in that the network became harder and 
densified. Furthermore, optical electronic transitions (402–948 nm) of 
Fe ions were assigned and proved the existence of iron ions in the 
trivalent state with tetrahedral and octahedral coordination. The ligand 
field parameters of Fe ions in tetrahedral symmetry were calculated by 
exploiting the energy positions of these electronic transitions. The ligand 
field splitting increased (9388–9942 cm− 1), confirming the augmenta
tion in the interaction between the 3d orbitals of Fe3+ ions and the 
surrounding ligands. While the decrease in Racah parameters, B 
(695–689 cm− 1) and C (2630–2611 cm− 1), confirming the decrease in 
interelectronic repulsion of 3D-electrons, with further SiO2 additions. 
The nephelauxetic parameter, nephelauxetic ratio, and covalency 
reduction factor confirmed that the bonding nature, between Fe ions and 
their ligands, is more ionic (less covalent). Moreover, the optical band 
gaps were calculated using Tauc’s plots and justified by mixed former 
effect. Additionally, metallization criterion values were settled down at 
0.36 eV0.5, confirming the semiconductor nature of samples, whereas 
non-linear features were increased with further SiO2 additions. The 
decrease in optical gap energy justified this propensity. Astonishingly, 
Mössbauer spectra helped in unveiling polymorphic phases of iron ions. 
And calculating both isomer shift and quadrable splitting of these pha
ses. The electronegativity concept explained the decrease in isomer shift 
and agreed with ligand filed splitting behavior. While the polarization 
power of mixed former cations justified the decrease in quadrable 
splitting. 
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